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THE PROSTHETIC GROUP OF PHOSPHORYLASE* 
By Caru F. Cort anp BARBARA ILLINGWORTH 
DEPARTMENT OF BIOCHEMISTRY, WASHINGTON UNIVERSITY SCHOOL OF MEDICINE, ST. LOUIS, MISSOURI 
Communicated May 7, 1957 


The following properties of crystalline muscle phosphorylase a are relevant to 
the experiments to be described in this paper. Phosphorylase a (M.W. 500,000) 
is split into 4 subunits (M.W. 125,000) by the action of p-chloromercuribenzoate; 
on addition of cysteine, a recombination of the subunits to the original protein 
takes place. ! 

Another molecular change is associated with the action of the PR enzyme? and 
of trypsin,’ which split the phosphorylase a tetramer into dimers, referred to as 
phosphorylase b. The two phosphorylases 6 have an absolute requirement for 
adenosine-5’-phosphate (AMP) for activity, whereas phosphorylase a displays 
65-75 per cent of maximal activity when no AMP is added. Phosphorylase a 
has been shown to have 4 binding sites, and phosphorylase b, 2 binding sites, for 
AMP per enzyme molecule,‘ with respective molar dissociation constants of 1.5 X 
10-* and 50 X 10-*. 

The presence of phosphorus in organic combination in phosphorylase a has long 
been known, but repeated attempts to demonstrate firmly bound AMP as part of 
the prosthetic group of the enzyme have yielded negative results.»* Recent 
phosphate analyses were carried out on phosphorylase a preparations which had 
been treated with activated charcoal (Norit) in order to remove nucleotides and 
which had been recrystallized after the Norit treatment from a buffer containing 
ethylenediamine tetraacetate (Versene). These preparations contained 8 gm. 
atoms of phosphorus per mole of enzyme (M.W. 500,000), 4 of which could be 
extracted by precipitating the protein with trichloroacetic acid, while 4 remained 
bound to the protein residue. The acid-soluble compound was isolated as the 
barium salt after elution from a Dowex 1 column and was identified as pyridoxal-5- 
phosphate by its characteristic spectrum, by paper electrophoresis, and by specific 
enzymatic tests with the apoenzyme of the aspartic-glutamic transaminase. Other 
phosphorylated compounds could not be demonstrated in the trichloroacetic acid 
extract; in particular, AMP, other nucleotides, pyridoxamine-5-phosphate, and 
free pyridoxal or pyridoxamine could not be detected in the eluates from the Dowex 
1 column.’ In unpublished experiments, phosphorylase b, whether made by PR 
or by trypsin action, has also been shown to contain pyridoxal-5-phosphate in a 
ratio of 2 moles per mole of enzyme (M.W. 250,000). 
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In the present paper it is shown that the pyridoxal-5-phosphate can be split off 
when the enzyme is first precipitated at acid pH in the presence of ammonium 
sulfate and the protein residue is then washed with alkaline ammonium sulfate 
solution. The dissolved protein residue has little enzymatic activity in the pres- 
ence or absence of AMP, but the activity can be restored by the addition of 
pyridoxal-5-phosphate, which recombines with the enzyme. 

Materials and Methods.—Pyridoxal-5-phosphate was a sample obtained from 
Merck and Company; it was purified by gradient elution from a Dowex 1 column 
and precipitated as the barium salt from alcohol. The stock solution was freed of 
barium and analyzed for phosphorus, from which a molar extinction coefficient in 
0.1 N HCl, at 295 my, of 6700 was calculated, a value which agrees with that given 
by Petersen and Sober.’ 

Phosphorylase a was prepared from rabbit muscle by a method previously de- 
scribed. The enzyme was crystallized twice from cysteine-glycerophosphate 
buffer; it was then treated in solution with Norit, followed by two crystallizations 
from Versene-glycerophosphate buffer. The crystals were kept suspended in the 
latter buffer in the cold room in a glass-stoppered flask and were protected against 
bacterial contamination by insertion of an open tube containing toluene. Before 
use, the crystals were centrifuged off in the cold and were washed with cold 0.03 M 
KCl. 

The enzyme concentration was calculated from readings taken in the Beckman 
DU spectrophotometer; | mg. of phosphorylase protein per milliliter has been shown 
to give a log Jo/I reading of 1.17 at 280 mu.® The reaction mixture for enzyme 
activity tests consisted of 0.01 M = crysteine-glycerophosphate buffer, 0.016 M 
glucose-l-phosphate, and 1 per cent glycogen, pH 6.7. When added, AMP was 
present in a concentration of 0.001 17. Incubation was carried out in a volume of 
0.2 ml. in Klett tubes at 30° C., and the amount of inorganic phosphate released 
was determined by the Fiske-Subbarow method.'® Because of the small amount of 
protein present, deproteinization was not required prior to analysis, and the re- 
action was stopped by the addition of dilute sulfuric acid. Under the conditions 
of this test, first-order kinetics are obeyed, and enzyme units are defined as k X 
1,000. Specific activity is expressed in terms of enzyme units per milligram of 
protein. 

Preparation of Phosphorylase Apoenzyme.—Warburg and Christian!! have de- 
scribed a method for the separation of a flavoprotein, the so-called ‘‘old yellow 
enzyme,” into protein and flavin monophosphate. A modification of this pro- 
cedure achieved the same result in the case of phosphorylase. An actual experiment 
is described below, since the conditions of obtaining the protein moiety in unde- 
natured form and in good yield are rather critical. 

About 18 mg. of washed phosphorylase a crystals were dissolved in 3 ml. of 0.005 
M imidazole buffer, pH 8.7, in a 2 X 6-em. plastic round-bottom centrifuge tube. 
An aliquot of this solution was used for protein determination and for activity 
tests in a dilution of 1:200, as described above. A specific activity of 945 units 
per milligram of protein was found in the absence of AMP, and of 1,320 units 
in the presence of AMP. Addition of pyridoxal-5-phosphate had no effect on the 
activity of unresolved phosphorylase a. 
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The enzyme solution was cooled in an ice bath, and 1 ml. of ammonium sulfate 
solution (saturated at 0° and adjusted to pH 8.5 with ammonia) was added slowly 
with stirring. Because of the alkaline reaction the enzyme remained in solution 
at this concentration of ammonium sulfate. 

Ice-cold 0.1 N HCl was added dropwise, with vigorous stirring, until a precip- 
itate appeared and Congo red paper gave a definite change in color (but not the 
pure blue color obtained with more acid solutions); 1.75 ml. of acid was required. 
The mixture was immediately centrifuged in the high-speed head of the inter- 
national centrifuge in the cold room. The cold supernatant fluid had a pH of 3.6 
as measured with the glass electrode (temperature compensator set at 10°). 

To the drained protein precipitate, which appeared yellow in color, was added 
4 ml. of ice-cold 50 per cent saturated ammonium sulfate solution, pH 8.5. The 
time that elapsed between the start of the addition of the acid and the addition 
of the ammonium sulfate solution was 5'/. minutes. The protein precipitate was 
stirred in the ammonium sulfate solution until it was finely divided, and then was 
centrifuged. The washing with 4 ml. each of ammonium sulfate solution was 
repeated twice. In order to aid in the dispersion of the protein precipitate, a few 
drops of the ammonium sulfate solution were first added, and the precipitate was 
rubbed with a glass rod. 

The washings with the alkaline ammonium sulfate solution had a yellow color. 
(As little as 4 ug. of pyridoxal-5-phosphate per milliliter can be detected visually 
in alkaline solution.) The washings were combined, made 0.1 N with respect to 
NaOH, and read at 405 my in the Beckman spectrophotometer against a standard 
of pyridoxal-5-phosphate in the same ammonium sulfate solution. A value of 32.6 
ug. of “pyridoxal-5-phosphate”’ was found, while the expected value, assuming 
a content of 2 ug. of pyridoxal-5-phosphate per milligram of protein, was 36.5 ug. 
Without previous treatment with acid, washing of phosphorylase a crystals with 
alkaline ammonium sulfate solution did not release any pyridoxal-5-phosphate. 

The washed protein residue, which had lost its yellow color, was dissolved in 2 ml. 
of 0.01 M imidazole buffer, pH 6.5. Protein determination showed that 90 per 
cent had been recovered. For activity determinations, the enzyme was diluted 
1:40 with eysteine-glycerophosphate buffer, pH 6.5, equivalent to 0.2 mg. of protein 
per milliliter, and preincubated for 30 minutes at 30°. Phosphorylase has been 
shown to be dependent on intact sulfhydryl groups for its activity,’ and, in order 
to insure maximal activity, a preincubation in cysteine was carried out. After 
preincubation for 30 minutes, the enzyme was tested in the absence and presence 
of AMP and gave values of 53 and 80 units per milligram of protein, respectively. 
When the enzyme was preincubated in the same manner, but in the presence of 
5.7 ug. of pyridoxal-5-phosphate per milliliter, the specific activity in the absence 
and presence of AMP rose to 420 and 570 units per milligram of protein, respec- 
tively. Further details about the recombination of the apoenzyme with pyridoxal- 
5-phosphate will be given in the next section. 

The degree of resolution of the enzyme increases with acidity, whereas the re- 
covery of undenatured protein decreases with acidity. It will be noted in the 
above experiment that although 90 per cent of protein was recovered, its specific 
activity, after recombination with pyridoxal-5-phosphate, was less than one-half 
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that of the original enzyme. In another experiment the pH was lowered to 3.4 by 
addition of acid, and the resolution was nearly complete, but only 30 per cent of 
protein, with a specific activity of 700 units per milligram, was obtained after addi- 
tion of pyridoxal-5-phosphate. The recovery of specific activity was higher in this 
experiment because some of the protein which was denatured by acid became 
insoluble and could be removed by centrifugation of the final solution of the apo- 
enzyme. 

Phosphorylase b, prepared either by the action of PR enzyme or by trypsin, 
could also be resolved by the above method, and the activity of the enzyme could 
be restored by combination with pyridoxal-5-phosphate. Representative experi- 
ments are shown in Table I. 


TABLE 1 
REMOVAL OF PYRIDOXAL-5-PHOSPHATE (P5P) AND ITs RECOMBINATION WITH PHOSPHORYLASE 
ArTreR RECOMBINATION 
No TREATMENT Arrer Removat or P5P with P5P 
Activity in Activity in Activity in | 
units/mg protein units/mg protein units/mg protein 
No With No With No vit 
AMP AMP AMP A) AMP AMP 
Phosphorylase a 820 1150 43 560 685 
Phosphorylase b (PR) 170 1120 13 ie 120 720 
Phosphorylase b (trypsin) 145 840 45 j 170 530 


Recombination with Pyridoxal-5-phosphate.—The recombination of the apoenzyme 
with pyridoxal-5-phosphate is a slow reaction, and the rate depends on the rela- 
tive concentrations of the two reactants. In the experiments in Table 1, pyri- 
doxal-5-phosphate was in excess relative to protein, and an incubation period of 30 
minutes at 30° in cysteine-glycerophosphate buffer, pH 6.5, was sufficient to allow 
the reaction to reach an end point. This is illustrated in Figure 1. 


TABLE 2 


Errect OF CONCENTRATION OF PYRIDOXAL-5-PHOSPHATE ON RATE OF RECOMBINATION WITH 
PHOSPHORYLASE APOENZYME* 
CONCENTRATION OF MICROGRAMS 


Appep P5P P5P/Me Unirs/MG PrRorein AFTER PREINCUBATION 
(M X 1075) PROTEIN 5 Min. 10 Min. 20 Min. 30 Min. 


ee 181 190 198 203 
6 254 288 347 360 
5 300 333 376 434 

t 0 346 376 451 475 
9.0 5 344 380 444 ‘s 
18.0 11.0 333 380 446 


* An apoenzyme poaemtine of phosphorylase 6, containing 4 mg. of protein per milliliter of cysteine-glycero- 
phosphate buffer, pH 6.7, was preincubated at 30° with different concentrations of pyridoxal-5-phosphate (P5P). 
For activity determinations after different lengths of time of preincubation, an aliquot was diluted 100 times and 
tested in the presence of AMP. 


In the experiments in Table 2 the protein concentration was kept constant at 
varying concentrations of pyridoxal-5-phosphate. In order to minimize recombi- 
nation of the enzyme with pyridoxal-5-phosphate during the activity tests, the pre- 
incubated solution was diluted 100-fold in an enzymatic test which involved 5 min- 
utes of incubation at 30°. As stated previously, phosphorylase a contains 4 moles, 
and phosphorylase b contains 2 moles, of firmly bound pyridoxal-5-phosphate per 
mole of enzyme. On a weight basis this corresponds in both cases to 2 ug. of pyri- 
doxal-5-phosphate per milligram of protein. It may be seen in Table 2 that a re- 
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combination takes place when only 0.6 yg. of pyridoxal-5-phosphate per milli- 
gram of enzyme is added but that the reactivation of the enzyme is incomplete. 
When 1.5 ug. of pyridoxal-5-phosphate per milligram of enzyme is added, the rate 
of recombination is increased, and at 3 uwg., which is somewhat more than the stoi- 
chiometric amount, the rate of recombination reaches its maximum. Once re- 
combination has taken place, the pyridoxal-5-phosphate attached to the enzyme 
cannot be removed by dialysis or by treatment of the enzyme solution with Norit 
under conditions where free pyridoxal-5-phosphate is completely adsorbed by 
Norit. 
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Fig. 1.—Rate of recombination of apoenzyme of phosphorylase 

a with muenting, cai Two-tenths of a milligram of protein 

per milliliter was incubated at 30° in glycerophosphate-cysteine 

buffer, pH 6.5, with and without the addition of 5 ug. of pyridoxal-5- 

phosphate per milliliter. At the times indicated, enzyme activity 
was determined in the presence of AMP. 


The recombination is specific for pyridoxal-5-phosphate. Pyridoxamine-5- 
phosphate or free pyridoxal does not cause any reactivation when incubated with 
the apoenzyme of phosphorylase. 

Discussion.—The distinction between a coenzyme and a prosthetic group is 
generally based on the tightness of combination with the enzyme. It might be re- 
called here that triosephosphate dehydrogenase crystallizes with 2 diphosphopyri- 
dine nucleotide (DPN) molecules per enzyme molecule but that the DPN attached 
to the enzyme has a measurable dissociation and can be removed by treatment of 
the enzyme with Norit.'? Futhermore, the recombination of the enzyme, after Norit 
treatment, with added DPN is almost instantaneous. The type of linkage which 
exists between phosphorylase and pyridoxal-5-phosphate is not known. The fact 
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that the recombination of pyridoxal-5-phosphate is a slow reaction speaks for a 
special type of interaction with the protein, which may involve hydrogen bonding 
of the phenolic group, Schiff base formation of the aldehyde group, ionic interac- 
tion of the phosphate or phenolic groups, as well as van der Waals’ forces. 

The question of what is the mechanism of action of pyridoxal-5-phosphate in 
the catalytic process remains to be answered. In other enzymatic reactions in 
which pyridoxal-5-phosphate is involved, it can be replaced by pyridoxamine-5- 
phosphate, but this is not the case with phosphorylase. It may be that in this 
latter case vitamin Beg has a hitherto unknown function. Although a number of 
mechanisms could be proposed, some of these appear to be excluded by the ex- 
change experiments performed by Cohn and Cori.'* These investigators found 
that muscle phosphorylase does not catalyze an exchange between inorganic phos- 
phate and glucose-l-phosphate in the absence of polysaccharide as acceptor. 
Further studies relating to this problem are under way. 

Summary.—Muscle phosphorylase a and phosphorylase b contain stoichiometric 
amounts of firmly bound pyridoxal-5-phosphate (4 and 2 moles per mole of en- 
zyme, respectively) which can be removed by treatment of the enzyme with acid 
in the presence of ammonium sulfate, followed by washing of the precipitated pro- 
tein with alkaline ammonium sulfate solution. The enzyme, after removal of 
pyridoxal-5-phosphate, is catalytically inactive. Reactivation occurs when the 
enzyme is incubated for 30 minutes at 30° with amounts of pyridoxal-5-phosphate 
slightly greater than those removed from the protein. Pyridoxamine-5-phosphate 
and free pyridoxal cannot replace pyridoxal-5-phosphate. 

* This work was supported by a research grant from the Nutrition Foundation. 

‘N. B. Madsen and C. F. Cori, J. Biol. Chem., 223, 1055, 1956. 

2 P. J. Keller and G. T. Cori, Biochim. et Biophys. Acta, 12, 235, 1953. 

3’P. J. Keller, J. Biol. Chem., 214, 135, 1955. 

4N. B. Madsen and C. F. Cori, J. Biol. Chem., 224, 899, 1957. 

5G. T. Cori and C. F. Cori, J. Biol. Chem., 158, 321, 1945. 

6S. F. Velick and C. F. Wicks, J. Biol. Chem., 190, 741, 1951. 

7T. Baranowski, B. Illingworth, D. H. Brown, and C. F. Cori, Biochim. et Biophys. Acta, July, 
1957. 

8. A. Peterson and H. A. Sober, J. Am. Chem. Soc., 76, 169, 1954. 

°G. T. Cori, B. Illingworth, and P. J. Keller, in Methods in Enzymology, (New York: Academic 
Press, Inc., 1955), 1, 200. 

1 ©, H. Fiske and Y. Subbarow, /. Biol. Chem., 66, 375, 1925. 

“QO. Warburg and W. Christian, Biochem. Z., 298, 368, 1938. 

2 J. F. Taylor, 8. F. Velick, G. T. Cori, C. F. Cori, and M. W. Slein, /. Biol. Chem., 173, 619, 
1948. 

18M. Cohn and G. T. Cori, J. Biol. Chem., 175, 89, 1948. 





ENZYME INDUCTION AS AN ALL-OR-NONE PHENOMENON* 
By Aaron Novick AND MILTON WEINER 


DEPARTMENT OF MICROBIOLOGY AND COMMITTEE ON BIOPHYSICS, UNIVERSITY OF CHICAGO 
Communicated by W. H. Taliaferro, April 21, 1957 


The phenomenon of enzyme induction (enzymatic adaptation) has been observed 
in a variety of micro-organisms. One of the most carefully studied examples, largely 
the work of Jacques Monod and his colleagues at the Institut Pasteur, is the induc- 
tion of the synthesis of the enzyme §-galactosidase in the bacterium Escherichia 
coli.» ? 

This enzyme, not otherwise present in appreciable amounts, is formed by the 
bacteria when grown in the presence of lactose, 8-galactosidase being necessary for 
the utilization of this sugar. A number of other galactosides also induce the for- 
mation of this enzyme in EL. coli, including some compounds, such as thiomethyl-6-p- 
galactoside (TMG), that are not split by this enzyme.* The fact that TMG 
is not split by the enzyme or otherwise utilized by the bacteria gives it a great ad- 
vantage over lactose in kinetic studies. Thus lactose used as an inducer can also 
serve as an energy source, and so an increase in galactosidase content may bring 
about an increase in growth rate. In contrast, with inducers such as TMG, to- 
gether with succinate in place of lactose as the energy source, an increase in enzyme 
content has no such effect. Induction under these circumstances has been called 
“gratuitous.’?! 

Monod, Pappenheimer, and Cohen-Bazire' studied the kinetics of induction 
under gratuitous conditions. They discovered that, upon addition of inducer 
at a sufficiently high concentration to a growing bacterial culture, the bacteria 
almost immediately begin to make enzyme at the maximum rate. Since the 
enzyme is being made at a constant rate per bacterium, the enzyme per bacterium 
in the bacterial culture rises and subsequently levels off at a value determined by 
this rate. After one bacterial doubling, the enzyme concentration reaches 50 per 
cent of its ultimate value. (It reaches 63 per cent in one generation, where one 
generation is defined by the doubling time divided by In 2.) 

In order to see whether individual bacteria participate equally in the synthesis 
of galactosidase, Benzer* studied the distribution of enzyme among the bacteria in a 
culture under a variety of conditions. He found that under gratuitous conditions 
high concentrations of inducer produce a uniform distribution of enzyme among 
individual bacteria as early as 5 minutes after the addition of inducer. Under these 
conditions the kinetics of induction of a culture represents the kinetics of the indi- 
vidual organism. Under conditions where the inducer is the sole carbon source, 
the distribution of enzyme among the bacteria is not uniform at first but becomes 
uniform when the culture reaches its maximum rate of enzyme synthesis. 

Subsequently it was discovered in Monod’s laboratory* ° that two independent 
processes are usually involved in the induction of 6-galactosidase synthesis. On the 
one hand, the rate of galactosidase synthesis is determined by the concentration of 
inducer inside the bacterium; and, on the other, the inducer is actively transported 
into the bacterium to give a much higher inducer concentration inside the bac- 
terium than in the medium. The transport is accomplished by a second enzyme, 
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called “galactoside permease,’”’ which is also induced by TMG. When permease 
is present at maximum levels, the internal TMG concentration is about 100 times 
that in the medium. 

On the basis of these facts, one must expect that at low inducer concentrations 
the rate of 6-galactosidase synthesis will rise with time after the addition of inducer 
to the growing culture, because the internal inducer concentration increases as 
more and more permease is formed. One should also expect that bacteria grown 
in a high concentration of inducer will have a high permease content. If these 
“preinduced” bacteria are subsequently grown in a low external inducer concen- 
tration, they will be able to maintain a high internal inducer concentration and as 
a result will make both 6-galactosidase and permease at a high rate. This is the 
explanation that Monod? has given for what has been called the ‘“preinduction 
effect.” 

Under normal conditions glucose inhibits the induction of both the enzyme and 
ihe permease. However, Melvin Cohn® discovered that if the bacteria are pre- 
induced by TMG and glucose is then added, there is no inhibition by glucose. 
The high permease content of the bacteria results in a sufficiently high internal 
inducer concentration to overcome the inhibitory effect of glucose. 

We investigated the kinetics of 6-galactosidase formation by bacteria growing 
at low inducer concentrations. Immediately upon the addition of inducer, the 
rate of galactosidase synthesis per bacterium rose linearly and continued in this 
way for a number of generations. It was difficult to understand this result on the 
assumption that each bacterium has about the same enzyme content. We were 
ahle to show that this assumption does not apply at low inducer concentrations. 
We discovered that at the low inducer concentrations used in these experiments 
the population consists essentially of individual bacteria that are either making 
enzyme at full rate or not making it at all. As the fraction of fully induced bac- 
teria in the population rises, there is an increase in the average rate at which enzyme 
is produced. 

This can be understood on the following basis. When inducer is added to a cul- 
ture of growing bacteria, there is a certain chance, determined by the inducer con- 
centration, that a given bacterium will produce its first permease molecule. Once 
a bacterium has one permease molecule, the internal inducer concentration is 
raised, and the probability of the appearance of a second permease molecule is 
increased. In this sense the induction of permease in the individual bacterium is 
an autocatalytic process, and, within a short time after the appearance of its first 
permease molecule, the bacterium becomes fully induced, synthesizing both 
permease and galactosidase at maximum rate. Because the transition is accom- 
plished so rapidly, the relative number of bacteria at an intermediate state of induc- 
tion is small. When a fully induced bacterium divides, both daughter cells re- 
main fully induced. Since a constant fraction of the uninduced bacteria get their 
first permease molecule in each unit of time, there is an initial linear rise in the 
proportion of fully induced bacteria. 

The rise in the proportion of the population induced would be expected to con- 
tinue until the whole population is induced. However, we found that at low in- 
ducer concentrations the rise leveled off when only a fraction of the population 
had been induced (here called “intermediate saturation’). This fact could be ex- 
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plained by the subsequent observation that induced bacteria grow more slowly 
than uninduced. Hence at intermediate saturation there is a relative loss of in- 
duced bacteria at a rate equal to the rate of appearance of newly induced cells. 
Another consequence of the difference in growth rates of induced and uninduced 
bacteria is seen in the fact that at low inducer concentrations a fully induced cul- 
ture can be maintained fully induced indefinitely, but a culture that is not fully 
induced, i.e., one composed of a mixture of induced and uninduced bacteria, cannot 
be maintained at its initial level. Although the fully induced bacteria in the mix- 
ture are maintained induced, their proportion is reduced because of the more rapid 
growth of the uninduced fraction. 

Technique.—The B strain of £. coli was used in these experiments, all of which 
were performed at 37° C. and in synthetic medium at pH 7. This medium con- 
tained M/10 sodium succinate, M/30 potassium phosphate buffer, M/1,000 mag- 
nesium sulfate, 4/700 sodium citrate, and M/50 ammonium chloride. 

Many of the experiments were performed with bacteria growing in well-aerated 
test tubes. In other cases experiments were performed with bacteria growing in 
the chemostat, a continuous culture device.”. The bacteria were grown with 
ammonia as the limiting growth factor at a generation time of 3 hours (2.1-hour 
doubling time). An input concentration of 20 mg./l. of NH,Cl was used, which 
gives a population of optical density 0.120 at 350 my when measured in the Beck- 
man DU spectrophotometer. 

In all cases TMG (thiomethyl-6-p-galactoside) was used as the inducer, and 8, 
galactosidase was determined by measuring the rate of which toluenized samples 
of bacterial culture hydrolyze the chromogenic substrate, o-nitrophenyl-8-p- 
galactoside (ONPG).’ We found in preliminary experiments a persistent vari- 
ability of 10-20 per cent in enzyme activity from one toluenized sample to another. 
By adding 10 ug. of sodium desoxycholate to 1-ml. samples along with 0.02 ml. of 
toluene and shaking for 10 minutes at 37°C., we were able to obtain reproducibility 
limited only by pipetting errors. Enzyme activities are expressed as the fraction 
of the maximum obtainable activity. Under our conditions maximum activity for 
a bacterial sample of optical density 0.120 is 225 mymoles of ONPG hydrolyzed per 
milliliter per minute at 28° C. at pH 7 in M/10 sodium phosphate buffer. 

It was discovered during preliminary experimentation that the rate of induction 
at low inducer concentrations is very much dependent on the CO, concentration.® 
To minimize variability due to increasing CO, production in a culture of increasing 
size, all cultures were aerated with air containing 4 per cent COr. 

The Kinetics of Enzyme Formation.—The induction of enzyme formation can be 
observed in the chemostat in the following way. The growth tube of a chemostat 
is inoculated, and the chemostat is allowed to run until the bacteria are in a steady 
state. At a time designated as zero, TMG is added to the reservoir and to the 
growth tube to the desired concentration. As a result, this concentration is from 
then on automatically maintained. At various times after the addition of inducer, 
aliquots of bacteria are removed and assayed for 8-galactosidase activity. In this 
way one may observe the rise in enzyme concentration in the bacterial culture as a 
function of the time elapsed since the addition of inducer. 

From the rise in enzyme concentration one can compute the rate, S, at which the 
bacteria make enzyme. (S is defined in units of enzyme made per generation by 
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N bacteria, the number per milliliter in the chemostat.) The rate at which en- 
zyme concentration, z, changes, dz/dt, is given by the difference between the rate 
S at which the bacteria make enzyme and the rate at which enzyme is diluted by 
the flow of nutrient liquid. (Since the flow rate in the chemostat equals the 
growth rate, this loss corresponds to the dilution of the bacterial mass by the forma- 
tion of new mass in a growing culture.) This is expressed by 
i , 
dz ae s as : (1) 


dt T T 


where r is the generation time (r = doubling time/In 2). Therefore S is given by 


g dz 4 2) 
A = z. v4 
f dt 


It should be noted that whenever S is constant, z will tend to become equal to 8. 
Furthermore, whenever dz/dt = 0, the enzyme concentration is at some constant 
value z; therefore, the bacteria must be making enzyme at a rate of z per generation. 

When an experiment is performed at a high TMG concentration, for example 
10-* M, one should expect on the basis of earlier work that the rate of enzyme 
formation will rise very rapidly to its maximum value, Smax. As a result, the con- 
centration of enzyme should rise linearly to begin with, and then more slowly as 
it asymptotically approaches Smax- In one generation the concentration of enzyme 
should reach 63 per cent of its ultimate value (50 per cent in one doubling). A 
typical experiment at high TMG concentration is shown in Figure 1, where it is 
evident that, except for a short lag, the rise in enzyme concentration conforms to 
expectation. 
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Fic. 1.—Rise in 8-galactosidase activity following addition of 
5 X 10-4 M TMG to a bacterial culture of optical density 0.120 
‘growing at a generation time of 3 hours in the chemostat. 





When such an experiment is performed at fairly low TMG concentrations, 
strikingly different results are obtained. Many generations are required before 
the enzyme concentration reaches 63 per cent of its ultimate value. An example 
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of such an experiment, with 7 X 10~* M TMG, is shown in Figure 2. Following 
the addition of inducer, the enzyme concentration first rises more rapidly than 
linearly but after a generation or so rises along a straight line. After several gen- 
erations of such a linear rise, the slope of the rise falls off as the enzyme concentra- 
tion approaches some ultimate constant value. 
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Fig. 2.—Rise in 8-galactosidase activity following addition of 
7 X 10-* M TMG to a bacterial culture of optical density 0.120 
growing at a generation time of 3 hours in the chemostat. 





The rate, S, at which the bacteria synthesize enzyme has been computed from 


this rise in enzyme concentration by means of equation (2). The resulting values 
of S are plotted as the dotted line in Figure 2. It can be seen that the rate of 
synthesis rises from zero time along a straight line, paralleling the linear rise in en- 
zyme concentration. The slope, K, of this line gives the amount by which the rate 
of synthesis is increased each generation. 

Similar experiments were performed at a series of TMG concentrations, and it 
was found that with an increase in inducer concentration there is a sharp increase 
in the slope, K, of the straight line and an increase in the ultimate saturation value. 
These values are given in Table 1. It should be noted that, at higher inducer 


TABLE 1 


‘Store (K) or Rise in Syntuetic Capacity AND LimITING VALUE OF 
SyNTHETIC CAPACITY AFTER LONG TIMES (INTERMEDIATE SATURATION ) 
FOR A SERIES OF INDUCER CONCENTRATIONS* 


TMG Intermediate TMG. Intermediate 
Concentration K Saturation Concentration K Saturation 


7X 10*M 0.0051 0.0665 9x 10*M 0.0437 0.250 
8 xX 10*M 0.0143 0.129 10x 10*M_ 0.0874 0.433 


* The intermediate saturation values are expressed as the fraction of the maximum rate of syn- 

thesis, and K is given in units of the fraction of maximum synthetit capacity reached per generation. 
concentrations, the saturation value never exceeds the “ceiling”? value, Smax, the 
maximum capacity for making 8-galactosidase. Furthermore, at the higher inducer 
concentrations K becomes very large, and the maximum rate of synthesis is reached 

in a very short time after the addition of inducer. 

Transfer and Maintenance Experiments.—Preinduction with a high concentation 
of TMG gives a bacterial culture which continues to synthesize enzyme at maxi- 
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mum rate upon subsequent transfer to much Jower concentrations of inducer.” 
We have investigated this phenomenon and find that, at certain low concentrations, 
the high rate of synthesis of a preinduced culture can be maintained indefinitely at 
a lower concentration of inducer. In fact, there are low concentrations, which we 
shall call maintenance concentrations, that will maintain full synthetic activity, 
despite the fact that, at these low concentrations of inducer, bacteria that are not 
preinduced never make enzyme at more than a negligible fraction of the maximum 
rate. For example, at 5 X 10-* M TMG in succinate medium aerated with air 
plus 4 per cent COs, a maximally preinduced culture of B strain maintains full syn- 
thetic activity indefinitely (180 generations in one experiment), and a culture 
of B strain that is not preinduced never attains more than 0.5 per cent of the max- 
imum rate of synthesis. 

The actual value of the concentration which may be satisfactorily used as a 
maintenance concentration depends on the choice of inducer and on the bacterial 
strain. Furthermore, the conditions under which the bacteria are growing play 
an important role in the effectiveness of a given concentration of inducer. In suc- 
cinate medium, for example, only about one-fifth as much inducer is needed as in 
lactate or maltose. In addition, we find that the concentration of carbon dioxide 
in the medium markedly affects the response to a given inducer concentration. Un- 
less the carbon dioxide concentration is maintained constant, an inducer concentra- 
tion that is suitable for maintenance at low bacterial densities becomes a strongly 
inducing concentration at higher bacterial densities. 

If preinduced bacteria are transferred to medium with no inducer, enzyme syn- 
thesis ceases immediately, and the enzyme present in the bacteria is diluted among 
the daughter cells as the bacteria divide. Between zero and maintenance inducer 
concentrations there is a range of concentrations where the enzyme level is not 
maintained because of a progressive fall in the rate at which enzyme is made. 
In this range of concentrations the enzyme content of the culture falls exponentially 
with time at a rate determined by the inducer concentration. A series of such 
falls in enzyme content is shown in Figure 3. 

The maintenance phenomenon provides the basis for a useful technique for the 
determination of the synthetic capacity of a bacterial culture, especially if the 
synthetic capacity is changing rapidly with time. One need only transfer an aliquot 
of bacteria to a maintenance concentration of inducer and permit the bacteria to 
grow there for several generations. The rate of enzyme synthesis becomes frozen 
at the value it had at the time of transfer, and the enzyme concentration per bac- 
terium in the culture soon becomes equal to the amount of enzyme made per 
bacterium per generation. However, when a culture induced to less than maxi- 
mum synthetic activity is transferred to maintenance concentration, the rate of 
synthesis is not maintained indefinitely. There is a slow exponential fall in the 
rate of synthesis of the culture of about 7 per cent per generation, so that after 
fourteen generations the synthetic activity is down to 37 per cent of its initial 
value.” Asa result, whenever the rate of synthesis of a culture which is less than 
maximally induced is measured by transfer to maintenance concentration, cor- 
rection must be made for this fall. Correction must also be made for the enzyme 
that would have been formed in uninduced bacteria grown for the same time in that 
concentration of inducer. 
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We have used this transfer technique to observe the rise in synthetic capacity 
during the induction experiment shown in Figure 2. At various times during the 
experiment, aliquots of bacteria were withdrawn and transferred to tubes contain- 
ing a maintenance concentration of inducer. The enzyme content of the trans- 
ferred samples was measured after three generations of growth, at which time the 
enzyme content per cell should have been within 5 per cent of the rate of synthesis. 
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Fig. 3.—Change in 6-galactosidase content of a bacterial culture preinduced at high TMG 
concentration and transferred to various low TMG concentrations. This experiment was per- 
formed by first preinducing bacteria to maximum synthetic rate by growth for several genera- 
tions at 10-? M TMG and then inoculating them into a chemostat having 5 X 10-* M TMG 
in the reservoir and sufficient ammonia to give an optical density of 1.20. The bacteria in this 
donor chemostat were maintained at maximum enzyme content and were used to inoculate the 
chemostats having less than maintenance inducer concentrations. This was done by making a 
tenfold dilution from the donor chemostat into chemostats having an ammonia concentration de- 
signed to give a bacterial population of optical density 0.120. Upon inoculation, the chemostat 
flow was started. The TMG concentration in the growth tube soon corresponded to that in the 
reservoir, since the quantity transferred from the donor chemostat was small. 


These values, after being corrected as described in the preceding paragraph, were 
plotted as a function of the time of transfer to maintenance concentration. The 
results are given in Figure 4. The solid circles, which give the rate of synthesis 
determined in this fashion, are in good agreement with the broken line, which 
represents the rate of synthesis computed (by means of eq. [2]) from the rising 
enzyme curve. 

Cellular Distribution of Synthetic Capacity.—Whenever kinetic experiments are 
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performed using bacterial cultures, the question must be raised whether the results 
obtained represent the events occurring within the individual cell or some average 
of a heterogeneous population. As stated earlier, Benzer‘ investigated this prob- 
lem by means of a phage lysis method. He found that under gratuitous conditions 
of induction at high concentrations of inducer there is a uniform distribution of 
enzyme among the bacteria, even of the small amounts present as early as 5 minutes 
after the addition of inducer. 
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Kia. 4.—Effect of transfer to maintenance inducer concentra- 
tion of bacteria taken at various times from an enzyme induction 
experiment such as the one shown in Fig. 2. At the indicated 
times, 0.25 ml. samples were withdrawn from the growth tube of 
the chemostat and diluted into 5 ml. of medium having excess am- 
monia and 5 X 10~-* 17 TMG for maintenance. The samples were 
aerated at 37° C. with air plus 4 per cent CO, until the bacterial 
density equaled that in the chemostat. The 8-galactosidase ac- 
tivity and density of each sample were measured. The relative 
enzyme activities observed were corrected by multiplying by 1.21 
to correct for the fall which occurs in three generations under these 
conditions in samples having less than maximum activity. From 
each value 0.00092 was substracted to correct for the enzyme 
formed in samples transferred prior to the addition of inducer. 
The solid circles represent the resulting corrected values, while the 
broken line gives the rate of synthesis computed from the rise in 
6-galactosidase in the chemostat. 


Under certain conditions the maintenance phenomenon can be used as the basis 
of a simple technique for analyzing the distribution of the capacity to make 6- 
galactosidase among individual bacteria. If single bacteria are transferred to 
individual test tubes containing a maintenance concentration of inducer and are 
grown to a population size of 10° to permit convenient assay of enzyme content, 
the enzyme level of a population will be maximal if the original parent bacterium 
of the population was induced and will be very low if the parent bacterium was 
uninduced. Hence, if a culture consists of a mixture of induced bacteria and un- 
induced bacteria, this can be demonstrated by transferring single bacteria to main- 
tenance concentrations of inducer. 
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We have performed single-cell analyses by diluting a bacterial culture to a 
maintenance concentration of inducer and then distributing aliquots into a large 
number of test tubes. A dilution was chosen which would give about one bae- 
terium per ten tubes. Upon incubation approximately 10 per cent of the tubes 
developed bacterial populations, and the majority of these must have been popula- 
tions that descended from single bacteria. 

When a single-cell analysis was performed with a culture at maximum synthetic 
capacity, all the populations derived from single bacteria under maintenance con- 
ditions were found to have maximum enzyme levels. However, when uninduced 
bacteria were distributed into tubes containing maintenance concentration of 
inducer, all the populations obtained had less than 1 per cent of the maximum 
activity. 

Distribution experiments were then performed with bacterial populations at a 
series of intermediate rates of synthesis. In one case a population was induced at 
a low concentration of TMG to a saturation value of about 30 per cent of maximum. 
When the population was diluted into a maintenance concentration, 30 per cent 
of the cultures grown from single bacteria were found to have maximum enzyme 
content, while 70 per cent had only very small amounts. Similar experiments per- 
formed with cultures at 10 per cent of maximum synthetic activity gave clones of 
which 10 per cent were fully induced and 90 per cent were uninduced. Further- 
more, cultures examined during the course of a rise in synthetic activity, like the 
one shown in Figure 2, were found to consist of mixtures of induced and uninduced 
bacteria, and the induced fraction of the population corresponded to the amount of 
synthetic activity present. 

These experiments show that under the experimental conditions being discussed a 
rate of enzyme synthesis less than maximum arises from the fact that the population 
is heterogeneous in its capacity to make enzyme, some individuals making enzyme 
at maximum rate and the remainder making essentially none. 

Intermediate Saturation.—A series of experiments was then performed that pro- 
vided an explanation for two puzzling aspects of the induction kinetics already 
noted. In the first place, at the lower inducer concentrations the rise in synthetic 
activity does not continue until the whole population is induced; instead, it comes 
to some intermediate saturation level that is less than the maximum found at high 
inducer concentrations. At an intermediate saturation level the culture is com- 
posed partly of bacteria making enzyme at the maximum rate and partly of bac- 
teria making none. Why do the uninduced bacteria remain uninduced? Second, 
why is it that cultures at maximum activity can be maintained indefinitely by 
maintenance inducer concentrations, while cultures at less than maximum activity 
are not maintained and slowly lose synthetic activity? 

The answer to these questions is provided by the observation that induced 
bacteria grow more slowly than uninduced. The existence of a difference in growth 
rate was established in two ways. In the first method the growth rates of both 
induced and uninduced bacteria were measured at a series of inducer concentra- 
tions by observing the increase in number of bacteria with time. The results, given 
in Table 2, show that induced bacteria grow more slowly than uninduced bacteria 
and that induced bacteria grow more slowly the higher the concentration of inducer. 

The difference in growth rate between induced and uninduced bacteria was also 
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demonstrated with reconstruction experiments in the chemostat, employing known 
mixtures of induced and uninduced bacteria. Two chemostats were set up with 
a maintenance inducer concentration in the medium. One was inoculated with 


TABLE 2 
GENERATION TIMES OBSERVED WHEN A MAXIMALLY INDUCED CULTURE oF B 
Was InocuaTep INTO Mepium Havine INpicatep TMG 
CONCENTRATIONS AND Excess AMMONIUM CHLORIDE* 


TMG Generation Time TMG | Generation Time 
Concentration (Hours) Concentration (Hours) 


0 2.26 + 0.07 5 X 107-5 M 2.50 + 0.07 
5 X 10°* M 2.38 + 0.07 5 X 10-* M 3.17 + 0.10 


* Uninduced bacteria growing in the absence of TMG have a generation time of 2.17 + 
0.07 hours. 


bacteria preinduced to maximum synthetic rate, while the other received 20 per 
cent of such maximally induced bacteria and 80 per cent of uninduced bacteria. 
The results, given in Figure 5, show that the culture containing 100 per cent in- 
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Fic. 5.—Two bacterial cultures were grown in 
chemostats with 5 X 10-* M TMG in the medium. 
Initially, one (indicated by circles) was composed 
entirely of induced bacteria, while the other (indi- 
cated by squares) was composed of 20 per cent 
uninduced bacteria. 


duced bacteria was maintained with no decrease in enzyme level, while in the 
chemostat containing the mixed population the enzyme level fell exponentially 
by about 7 per cent per generation. This fall in the enzyme level must be attrib- 
uted to displacement of the induced bacteria by the more rapidly growing uninduced 
organisms. 

The phenomenon of intermediate saturation can readily be understood once the 
difference in growth rates is established. In a typical induction experiment like the 
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one shown in Figure 2, the number of induced bacteria rises until the number of 
bacteria becoming newly induced equals the number lost as a result of the slower 
growth of the induced organisms. The saturation value that is ultimately reached 
is given by either 


Ss K 


’ . J 
Smax i Oy / a 


for K + a <a (3) 


S 


Y 
Breast 


for K + a > a, (4) 


where a is the growth rate constant of the uninduced bacteria and a that of the 
induced bacteria. Furthermore, since the growth rate of induced bacteria de- 
creases with mcrease in inducer concentration (Table 2), it is possible to under- 
stand why the intermediate saturation level does not increase in proportion to K 
(Table 1). 

The slower growth of the induced organisms also explains why the enzyme con- 
centration slowly falls when a culture at less than maximum synthetic activity is 
transferred to maintenance inducer concentration. At this concentration the 
number of bacteria becoming newly induced is negligible. As a result, the enzyme 
level falls by about 7 per cent per generation as the induced bacteria are displaced 
by the uninduced. 

Discussion.—At the cellular level the induction of 8-galactosidase is an ‘‘all-or- 
none” phenomenon, since bacterial populations grown at low concentrations of 
inducer are composed of bacteria which are either uninduced or fully induced. 
The kinetics of induction that we have observed therefore reflect changes in the 
relative number of bacterial cells synthesizing 6-galactosidase. In an experiment 
of the kind illustrated in Figure 2, for example, the rate of enzyme synthesis rises 
linearly, because there is a linear rise in the fraction of the population in the in- 
duced state. 

Such a linear rise in the induced fraction of the population must be interpreted 
in the following way. In the presence of inducer there is a constant probability, 
determined by the inducer concentration, that a cell will become induced in each 
generation. Once a bacterium is induced, all its progeny will be induced, since 
the concentration of inducer in these experiments exceeds the maintenance value. 
On this basis the rise will continue until the entire population is induced, unless the 
rate of induction is small compared to the selection which results from the lower 
growth rate of induced bacteria. In this event an intermediate saturation value 
will be reached where only a fraction of the population is induced. 

The “‘all-or-none” character of the 6-galactosidase induction system in EF. coli 
and the inheritability of the induced state at low inducer concentrations can be 
understood in terms of the functioning of the inducible galactoside permease which 
concentrates inducer. When an inducer is added to a growing culture of bac- 
teria, permease synthesis will be initiated at a rate determined by the concentra- 
tion of inducer in the medium. At low concentrations of inducer, however, the 
rate of permease synthesis in uninduced bacteria may be so low that the probability 
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of a bacterium making a single permease molecule during its lifetime is small. 
Once a bacterium has a permease molecule, there will be an increase in the internal 
inducer concentration which will increase the probability that a second permease 
molecule will be formed in this bacterium. (That permease synthesis increases 
rapidly with increase in inducer concentration can be seen in Table 1, which shows 
the sharp increase of the rate of induction, A, with increase in external concentra- 
tion of inducer.) The presence of two permease molecules further increases the 
rate of permease formation, and in this way there should be an autocatalytic rise 
in the permease content of this bacterium to some maximum. Once the bacterium 
has maximal permease, it and its progeny will be induced indefinitely, since the 
concentration of inducer in the medium is greater than maintenance concentration. 
Therefore, as more bacteria receive their first permease molecule, the fraction of 
induced bacteria in the population increases. In this model, the slope, K, of the 
linear rise gives the probability of appearance of the first permease molecule in an 
uninduced bacterium and is therefore determined by the external inducer concen- 
tration. 

The reason for considering formation of the first permease molecule as the critical 
step is the following. A linear rise lasting for several generations means that the 
probability of a bacterium becoming induced is constant in time; hence the transi- 
tion from uninduced to induced is the consequence of a single random event. This 
event must be the achievement of some critical threshold of permease which as- 
sures a rise in permease to its maximum. The fact that the linear rise begins 
at zero time suggests that this threshold is a single permease molecule. 

The model also explains the maintenance experiments. Thus it is quite pos- 
sible that at the low concentrations of inducer used in maintenance experiments 
the threshold number of permease molecules needed to drive a bacterium to maxi- 
mum induction may have a value greater than 1. Nevertheless, if the number of 
permease molecules at maximum is large compared to the threshold, there is a high 
probability that, on division of a fully induced bacterium, each daughter cell will 
receive a sufficient number of permease molecules to assure maximal induction by 
the maintenance concentration of inducer. Indeed, the fact that a maximally 
induced culture can be maintained maximally induced for many generations shows 
that the chance of a bacterium becoming uninduced under these conditions is very 
small. Were any uninduced organisms to appear, they would be selected for by 
their more rapid growth and would bring about a reduction in the rate of galacto- 
sidase synthesis of the culture. 

Another phenomenon that can be interpreted with the present model is the ex- 
ponential fall in enzyme content that occurs upon transfer of an induced culture 
to a concentration which is less than maintenance (e.g., Fig. 3). The single-cell 
analyses show that in these cases the exponential fall in enzyme content corre- 
sponds to an exponential disappearance of induced bacteria from the population. 
An exponential disappearance means that there is a constant chance that a bac- 
terium will become uninduced each generation. Once uninduced, this bacterium 
and all its progeny necessarily remain uninduced at these low inducer concentra- 
tions. 

A constant chance of becoming uninduced can be explained by assuming that 
permease molecules are randomly divided among the two daughter cells. With ran- 
dom division there will be a certain chance that upon cell division a daughter cell 
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may get less than the threshold number of permease molecules needed at these very 
low inducer concentrations to assure induction. The chances of a cell getting 
less than a threshold number will be increased if this threshold is increased, as it 
may very well be at these very low inducer concentrations. In addition, the 
chances of a cell getting less than enough would be increased if the number of per- 
mease molecules present in the induced fraction of the population were decreased. 
Such a decrease might well be expected at these very low inducer concentrations. 

Conclusion.—The induced synthesis of 6-galactosidase at low concentrations of 
inducer bears a close resemblance to the phenomenon of mutation (in the sense 
of a chromosomal change). In the case of mutation a cell is either mutant or 
wild type; in the case of enzyme induction a bacterium is either fully induced and 
makes $-galactosidase at maximum rate or is uninduced and makes no 6-galacto- 
sidase. All the offspring of a mutant bacterium are mutants; all the progeny of 
an induced bacterium are induced, as long as maintenance inducer is present. 
Bacteria undergo mutation as the result of some random single event; likewise, 
uninduced bacteria make the transition to the induced state as the result of a 
random single event. 

However, unlike mutation, the induction system requires the continued presence 
of a low concentration of inducer to maintain the distinction between the induced 
and uninduced states. At high concentrations of inducer all the bacteria become 
induced, while, in the absence of inducer, the entire population becomes uninduced. 

The genetic-like behavior of the state of induction can be explained by the con- 
centration within the bacteria of inducer by a mechanism whose formation is also 
induced by the presence of inducer. Inducible transport mechanisms of this kind 
may exist for a variety of substances which enter the cell, and, as a result, careful 
distinction must be made between mutation and induced changes. In any event, 
the existence of induced inheritable changes of the kind described here raises the 
possibility that some differences which arise in a clone of organisms may be the 
result of changes in cellular systems other than the primary genetic endowment of 
the cell. 
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The phosphorus-containing fraction of lipid extracts of human serum has been 
reported to contain lecithin, sphingomyelin, phosphatidyl ethanolamine, phospha- 
tidyl serine, and plasmalogen. The techniques employed for the isolation of the 
individual phospholipid components have usually been laborious and have often 
been unreliable. An improved method of separation using adsorption chromatog- 
raphy on silicic acid columns or on silicic acid~impregnated filter paper has been 
recently reported by Lea, Rhodes, and Stoll.! With a modification of this pro- 
cedure, an additional phosphorus-containing component of a lipid extract of human 
serum has been isolated, which, by staining properties, chromatographic mobility. 
chemical analysis, and hemolytic activity, appears to be lysolecithin. 

MATERIALS AND METHODS 

The serum used in these studies was either pooled hospital patients’ sera refriger- 
ated for 1 day prior to use or normal sera processed within 1 or 2 hours after with- 
drawal. 

Extraction.— The serum was added dropwise with shaking to 15 times its volume 
of a 1:1 (v/v) mixture of methanol and chloroform. After standing for 1 hour, 
the mixture was filtered and the filtrate emulsified with an equal volume of dis- 
tilled water. Following centrifugation, the upper layer was discarded and the 
bottom layer taken to dryness in a rotary vacuum evaporator at a maximum tem- 
perature of 60° C. This extract was stored in vacuo at --30° C., usually for not 
more than 1 or 2 days. 

Chromatography. —A modification of the method of Lea, Rhodes, and Stoll! was 
employed. The chloroform used (Fisher, A.C.S.) was washed with water and 
filtered, and 2 per cent methanol (v/v) was added as a preservative. The silicic 
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acid (Mallinckrodt, A.R., 100 mesh) was activated by heating at 110°-120° for 
18 hours and was added to the column as a slurry of 5 ml. of chloroform per gram 
of silicic acid. The serum extract was added in 2.5 ml. of chloroform per gram of 
silicic acid. Elution was then accomplished with the following amounts of solvent 
mixtures per gram of silicic acid: 7.5 ml. of chloroform; 15 ml. of 20 per cent metha- 
nol in chloroform (v/v) ; 60ml. of 20 per cent methanol in chloroform (v/v) containing 
1.25 per cent water; and 12.5-15 ml. of methanol. Air pressure of 14 cm. mercury 
was applied to the column during elution. Fractions ranging from 3 to 5 ml. per 
gram of silicic acid were collected with an automatic fraction collector. Silicic 
acid—impregnated filter paper was prepared as described by Lea, Rhodes, and Stoll,! 
and the lipid extract was chromatographed in the descending manner with 20 per 
cent methanol in chloroform (v/v). 

The column fractions were analyzed for phosphorus by the method of Fiske 
and Subbarow;? for total nitrogen by digestion with a mixture of sulfuric acid, 
copper sulfate, and potassium sulfate, followed by direct Nesslerization; for amino 
nitrogen by the ninhydrin method of Lea and Rhodes;? and for ester bonds by the 
method of Rapport and Alonzo. The paper chromatograms were developed by 
(1) spraying with ninhydrin in butanol, followed by heating at about 110° for 5 
minutes; (2) the phosphomolybdic acid stain of Chargaff, Levine, and Green; 
and (3) the Schiff stain as described by Hack.® 


RESULTS 


All the serum specimens examined by the above chromatographic procedure 
showed four peaks of phosphdrus concentration (Table 1). Chemical analyses 


TABLE 1 


CHROMATOGRAPHY OF SERUM EXTRACTS ON Sinicic Acip 
(Per Cent Total Phosphorus) 

Sample Peak I Peak II Peak III Peak IV 
ag 4.7 73.7 15.7 5.9 
27 6.2 69.0 17.9 6.9 
3t 5.4 64.1 20.9 9.7 
4t 4.5 71.0 16.7 7.9 


* Pooled fresh normal sera (3 young male donors). Serum lipid P was 9.8 mg/100 ml. 

+t Pooled patients’ sera. 

t Column run at 0°-1° C. Fresh normal serum (1 young male donor). Serum lipid P was 
7.4 mg/100 ml. 


of the first three peaks and comparison with synthetic materials’ revealed that 
the first peak (Peak I), eluted with 20 per cent methanol in chloroform, was 
predominantly phosphatidyl ethanolamine, and that the second (Peak ITI) and 
third (Peak III), eluted with 20 per cent methanol in chloroform containing 1.25 
per cent water, were largely lecithin and sphingomyelin, respectively.* The 
fourth peak (Peak IV), which was eluted by methanol, was rechromatographed on 
the column with the same system and also on silicic acid-impregnated paper and 
found by both procedures to consist of three main components, two smaller ones 
with the mobilities of lecithin (Peak II-A) and sphingomyelin (Peak III-A) and a 
larger one (Peak IV-A) (Table 2). Chromatography of the Peak [V-A material on 
silicic acid—-impregnated paper resulted in a single phosphomolybdie acid-staining 
spot corresonding to the third and slowest phosphomolybdie acid-staining spot. 
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seen on chromatographing serum extracts (see below). The cause for the carryover 
of some lecithin and sphingomyelin into Peak IV is not known, and attempts to 
eliminate this phenomenon by variations in the technique were unsuccessful. 

On chromatographing the extract of normal pooled sera, 5.9 per cent of the 
total lipid phosphorus appeared in Peak IV, and, on rechromatographing Peak IV, 
80 per cent of it, or 4.7 per cent of the total lipid phosphorus, seemed to be a single 
component (Tables 1 and 2). In both of these chromatographic runs, the recovery 


TABLE 2 


RECHROMATOGRAPHY OF PEAK IV on Smiicic Acip 
(Per Cent Total Phosphorus) 
Sample* Peak I-A Peak II-A Peak III-A Peak IV-A (Per Cent) 
Peak IV-A/Total P 
1 ie 11.4 7.3 79.8 4. 
2 2.0 11.9 5.9 80.4 5. 
3 1.1 6.5 17.1 75.4 7.3 
4 1.2 14.6 12.0 72.2 5. 


* See notes to Table 1. 


of the phosphorus added to the column was 96 per cent. Performing the chroma- 
tographic separation at 0°-1° C. on an extract of normal serum and using chloro- 
form which was washed, dried, and distilled did not appear to affect significantly 
the isolation of this component (Tables 1 and 2). The Peak IV-A material was 
also obtained with methanol elution, following elution of the second and third 
peaks of a serum extract with 35 per cent methanol in chloroform (v/v), i.e., with- 
out adding water to the eluants. 

The Peak IV-A material was subjected to various state. On silicic acid-impreg- 
nated paper, it was stained with the phosphomolybdic acid method but not with the 
Schiff stain, whereas lecithin and sphingomyelin were stained with the former and 
lecithin (weakly) and ‘“cephalin” (strongly) with the latter. The reaction with 
the Schiff stain was probably due to the presence of plasmalogens. On hydrolysis 
with 6 N HCl at 110° C. for 18 hours, followed by chromatography on filter paper 
(Whatman No. 1) with butanol—acetic acid—water elution (4:1:4, using butanol 
layer), it consistently showed one spot, with the same mobility and staining reaction 
with the phosphomolybdic acid method as choline. Chemical analysis showed a 
molar nitrogen-to-phosphorus ratio and ester-bond-to-phosphorus ratio of approxi- 
mately | (Table 3) and a small amount of ninhydrin-reacting material. 


TABLE 3 
CHEMICAL ANALYsIS OF PEAK IV-A 
Sample N/P* Ester Bond/P* 


It 1.10 1.05 
3t 1.05 1.02 


* Molar ratio. 
t+ Average of 2 determinations. 
t Average of 3 determinations. 

The Peak IV and Peak IV-A materials were found to be hemolytic on incubation 
for 2 hours at 37° with 2 ml. of a 1 per cent suspension of washed sheep red blood 
cells suspended in isotonic saline. Hemolysis could be seen with as little as 0.01 
micromole of two different samples of Peak IV-A material. None of the other 
peak materials produced any hemolysis. 
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The above tests indicated that the material in Peak IV-A was lysolecithin. To 
show that this substance did not arise from lecithin during the isolation procedure, 
the lecithin peak obtained on one chromatographic run was rechromatographed. 
Only 1.5 per cent of the total phosphorus was eluted with the methanol, and no 
lysolecithin could be detected. Similarly, by chromatographing synthetic L-a- 
dimyristoyl lecithin, 2 per cent was eluted with the methanol, but no lysolecithin was 
found. In addition, Peaks I, II, and III from one chromatographic run were re- 
combined, put through the extraction procedure, and rechromatographed, but still 
no lysolecithin could be recovered. Likewise, when material from Peak I, Peak 
II, or Peak III, or synthetic phosphatidyl ethanolamine, phosphatidyl serine, or 
lecithin, was chromatographed on silicic acid-impregnated paper, each produced 
a single spot, but none with the mobility of the Peak IV-A material. 

When material from Peak IT (lecithin) emulsified in phosphate buffer was treated 
with cobra venom and the product chromatographed on the silicic acid column, 
most of the phosphorus-containing material was eluted with the methanol and was 
hemolytic. 

The results obtained by chromatography on silicic acid columns were corrobo- 
rated by chromatography on silicic acid-impregnated filter paper. Chromatography 
of the serum extract on paper produced four spots, one staining with the ninhydrin 
method and three with the phosphomolybdie acid method. The Rf of each sub- 
stance varied with the batch of paper used and to some extent with the amount 
of the substance applied to the paper; the absolute Rf values, therefore, had little 
reproducibility. The ninhydrin-staining spot had a mobility corresponding to 
synthetic phosphatidyl ethanolamine, synthetic phosphatidyl] serine, and the Peak I 
material from the column. The fastest phosphomolybdic acid—staining spot was 
by far the largest in amount and had a mobility corresponding to synthetic lecithin 
and to the Peak II material from the column. The second phosphomolybdie acid— 
staining spot was next in size and had a mobility corresponding to the Peak III 
material from the column. The third phosphomolybdic acid-staining spot had a 
mobility corresponding to the material from Peak IV-A and the bulk of the material 
from Peak IV. 

The same spot sequence as above was observed on chromatography of the un- 
processed filtrate from (1) a mixture of 1 volume of serum and 15 volumes of 1:1 
(v/v) methanol-chloroform and (2) a mixture of 1 volume of serum and 20 volumes 
of 3:1 (v/v) alcohol-ether, thus making it unlikely that any of the spots found 
arose from the heating or water washing of the extraction procedure or were limited 
to the chloroform-methanol method of extraction. 


DISCUSSION 


The analysis of human serum by the chromatographic methods described per- 
mitted the isolation and quantitation of the main phospholipid components. 
In addition to the known components, another phospholipid was consistently 
found, which, by staining properties, chromatographic mobility, chemical analysis, 
and hemolytic activity, appeared to be lysolecithin. Evidence for the presence of 
lysolecithin in animal tissues has recently been reported. Lea, Rhodes, and 
Stoll! isolated lysolecithin from egg yolk by chromatography on silicic acid. Mari- 
netti, Witter, and Stotz,? using chromatography on silicic acid-impregnated filter 
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paper, reported evidence for the presence of lysolecithin in rat tissues. Moreover, 
Titus, Weiss, and Hajdu,'® employing chromatography on Florisil, were able to 
isolate palmitoy! lysolecithin from beef adrenal glands. 

Further studies indicated that the lysolecithin probably was not formed as a re- 
sult of the isolation procedure. On chromatographing the isolated serum lecithin 
or synthetic L-a-dimyristoy] lecithin, either on the silicic acid column or on silicic 
acid-impregnated paper, no lysolecithin could be found. When the serum “‘cepha- 
lin,” lecithin, and sphingomyelin fractions obtained by the column method were 
recombined, put through the serum-extraction procedure, and rechromatographed, 
lysolecithin again was not detected. Although it thus appears unlikely that the 
lysolecithin arose from the breakdown of lecithin, it is possible, nevertheless, that a 
certain fraction of the serum lecithin was more labile and split off a fatty acid moiety 
during the isolation procedure. 

Another possible source of lysolecithin was choline-containing plasmalogen. 
The concentration of lysolecithin in serum found in the present investigation, 
however, is more than twice the reported total serum plasmalogen concentration. 
A considerable proportion of the serum plasmalogen, in addition, is probably of the 
“‘cephalin”’ type.* 

Although the chemical state and physiological role of lysolecithin in the plasma 
is conjectural, Titus, Weiss, and Hajdu! have demonstrated that the lysolecithin 
isolated from beef adrenal gland had a digitalis-like effect on the frog heart. 


SUMMARY 


The analysis of a lipid extract of human serum by chromatography on silicic 
acid columns or on silicie acid-impregnated filter paper revealed, in addition to the 
known phospholipids, the presence of a component which was characterized as 
lysolecithin. The phosphorus of this component was found to comprise 4.7 per 
cent of the total lipid phosphorus of a sample of pooled sera from normal young 


males. 
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APICAL MERISTEMS OF VEGETATIVE SHOOTS AND STROBILI 
IN CERTAIN GYMNOSPERMS 


By Ernest M. Girrorp, Jr..* AND RatpH H. WETMORE 
BIOLOGICAL LABORATORIES, HARVARD UNIVERSITY 
Communicated April 26, 1957 


There has been considerable interest of late in the transition of seemingly vege- 
tative shoots of angiosperms into “reproductive”’ axes with their appendages. The 
flowering shoot formed in this manner is assumed to be a reflection of a change or 
changes which must have taken place in the activity of the apical meristem. It is 
well known for certain angiosperms that a proper period of photoinduction will 
bring about flowering. While a considerable amount of information has accumu- 
lated on the responses of plants to photoperiodism, very few correlative anatomical 
studies have been made of the same plant material. Descriptive studies do exist 
for some angiosperms, but most of these are unrelated to controlled experimental 
studies on the effects of photoperiodism. 

Not all inflorescences or flowers are clearly transformations of shoots that were 
previously vegetative, for buds continue to be formed in some species after the 
plant has been induced to flower. Whether the apices of these later-formed buds 
exhibit initially a structure comparable to the parent vegetative shoot apex or 
whether they are, from their inception, fundamentally different in organization 
has not been elucidated. 

For many years the structure of shoot apical meristems in angiosperms has been 
described in terms of planes of cell divisions. In most angiosperms there is a dis- 
crete outer layer or layers (tunica), the cells of which show a preferred plane of cell 
division. New cell walls are perpendicular to the surface of the shoot apex. The 
tunica encloses a mass of cells (corpus) in which cell divisions may be in various 
planes. In most, if not all, of the shoot apices of angiosperms so far investigated 
there is a superimposed cytological zonation pattern. The cells which lie in the 
uppermost central! position of the corpus, and to a lesser degree those on the 
distal side and immediately adjacent in the tunica, are frequently enlarged, possess 
conspicuous vacuoles, and show less avidity for histochemical stains than do sur- 
rounding cells. Even though observed cell divisions are infrequent in this zone, 
ontogenetic continuity nevertheless is achieved with subjacent regions. This 
“central zone’ undoubtedly has a role in vegetative growth, but its full physio- 
logical significance is certainly unknown at the present time. 

The results of certain studies indicate that a “reproductive” apex, whether of an 
inflorescence or a flower, is the result of a gradual change from the zonal pattern 
characteristic of vegetative apices to one characteristic of reproductive apices. ! 
Tunica-corpus organization also has been described for inflorescence and flower 
apices. By other investigators® the occurrence of cytological differentiation in a 
vegetative apical meristem is interpreted in quite a different way. The centrally 
located zone is considered to be inactive during vegetative growth. It is so con- 
sidered because of the reported lack of, or paucity of, cell divisions, the state of the 
chondriome, and the frequent high degree of vacuolation of the cells. At the time 
of flowering, these “reserved” cells become active, leaving the vegetative body 
behind and forming an inflorescence or flower, as the case may be. 
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In summary, we believe that indisputable proof has not been offered to show 
whether the reproductive apex of an angiosperm is derived from the vegetative 
state of the meristem through a series of transitional changes involving the entire 
apical meristem or whether only a central portion of it is responsible for the re- 
productive apex through a type of “dedifferentiation.”’ 

The authors are engaged in a study of the photoperiodic effects on flowering and 
the correlative anatomical changes that accompany the effective inductive photo- 
periods in certain angiosperms. The results of these studies will be reported at a 
later date. 

In the present paper the authors propose to present information on the structure 
of apices of both vegetative and reproductive shoots of selected gymnosperms. 
The results and the conclusions arrived at may well prove to be applicable for 
gymnosperms in general. 

Many of the controversial issues discussed earlier apply equally well to gymno- 
sperms. Despite the wealth of information on both the vegetative body and the 
reproductive cycle in gymnosperr s, very little, if any, information is available on 
the initiation of strobili or on the structure of their apical meristems. 

The vegetative meristems of the majority of gymnosperms lack organization into 
a definite outer inclosing layer or layers (tunica). They do, however, exhibit 
cytological zonation par excellence. In most, if not all, gymnosperms, the cells of a 
lens-shaped zone in the upper portion of the apical meristem exhibit many of the 
same cytological features described for cells of the comparable zone in angiosperms, 
v’.., large size, frequently the presence of large vacuoles and starch grains, and 
general light staining of nuclear and cytoplasmic contents with commonly used 
histological stains.‘ In fact, this zonation is so pronounced that it was described 
and generally recognized in gymnosperms before it was in angiosperms. 

A study was undertaken to determine whether any differences exist, qualitative 
or quantitative, in the structure of apical meristems during the development of 
gymnospermous reproductive structures (strobili). This investigation includes 
at least one species from each of a number of genera, viz., Ginkgo biloba, Pinus, 
Larix, Tsuga, Picea, and Pseudotsuga. In this preliminary report, the results of 
an investigation on Larix decidua will be presented, leaving the detailed descrip- 
tions of other species for a subsequent article. 

The genus Larix is characterized by having the shoot dimorphic and deciduous. 
After the first year, all foliage leaves occur on short shoots or spur shoots. Like- 
wise, both types of cones, microsporangiate and megasporangiate, develop from 
certain lateral short shoots during the second or subsequent years. Buds were 
collected from trees growing in the Arnold Arboretum and were classified before 
preservation into (1) terminal vegetative buds of long shoots, (2) vegetative short 
shoots, (3) potentially microsporangiate short shoots, and (4) potentially meg- 
asporangiate short shoots. Weekly collections were made from July 25, 1956, to 
September 12, 1956. The first collections were made at the end of shoot expansion 
for 1956; at that time primordia were being initiated for the 1957 season. 

Each of the four apices is different topographically. The apical portion of the 
terminal bud of a long shoot is universally a steep cone (Fig. 1). The apical meri- 
stem is typical of many coniferous species in having an uppermost zone (central 
zone), the cells of which are large and vacuolate and have the accumulation of inter- 
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cellular substance between groups of cells. On the flanks and subjacent to this 
region is a cylindrical zone (peripheral zone), the cells of which have characteristics 
more in keeping with the general concept of apical meristematic cells. Along the 


man, 


Fias. 1-2.—Photomicrographs of median longitudinal sections of apical meristems 
of a vegetative long shoot (Fig. 1) and a vegetative short shoot (Fig. 2) of Larix 
decidua. Dates of collections, August 15, 1956, and July 15, 1956, respectively. 
Both X190. 


lower margin of the central zone are files of cells which eventually mature into pith 
cells, many of which accumulate phlobaphene substances. Most investigators 
have considered the uppermost cells of the central zone to be initials in the sense 
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Figs. 3-4.--Photomicrographs of median longitudinal sections of strobilar apical 
meristems of Larix decidua. Fig. 3, potential megasporangiate strobilus. Fig. 4, 
microsporangiate strobilus. M: aterial fixed August 15, 1956, and August 8, 1956, 
respectively. Both 190. 


that all cells of the axis take their origin from them, directly or indirectly. These 
cells are not visualized as histogens, that is, as possessing unique capabilities; 
rather, we stress their importance in being at the apex of basipetally contiguous 
tissue systems 
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An examination of the apex of a vegetative short shoot reveals a structure fun- 
damentally similar to that of the long shoot. The apex is invariably a low dome, 
but with a zonation pattern comparable to that of vegetative long shoots (lig. 2). 

Because the expected position of cones can be determined with some degree of 
certainty, buds could be classified into potentially micro- and megasporangiate 
strobili. Collections were made early enough to include the formative stages of 
both types, although the conclusive determination of megasporangiate strobili 
could not be made until the following spring. No structures in the axils of primary 
appendages were observed in the fall collections which would qualify as being 
ovuliferous scale primordia. Because long shoots can arise as proliferations from 
short shoots, it is possible that some collections represent this transition. How- 
ever, the distinctive shape of the apical cone sets it apart from the other three 
categories. The apex is a large, rounded dome (lig. 3). An upper central zone 
has been identified in all cases, underlaid by a wide zone of pith rib meristem. The 
dimensions of the central zone are not as great as in vegetative shoots. 

Microsporangiate strobili likewise exhibit a comparable type of organization, 
from inception of the cone through the period of initiation of microsporophylls 
(Fig. 4). The central zone becomes modified or is entirely absent as a definable 
zone after all the sporophylls have been initiated. Apparently each large cell of 
the residual apex undergoes several divisions, and all the derivatives eventually 
become uniform in size and morphology. 

To date, comparable studies of vegetative apices and both types of reproductive 
apices have been made of Pinus sylvestris. All the apices have the same basic 
zonation pattern. In Ginkgo, only the vegetative apex and the microsporangiate 
strobilus have been studied in detail. There is agreement here, also. 

In conclusion, it can be stated that for a limited number of species of gymno- 
sperms there is no “reserved” portion of an apical meristem which is concerned 
primarily with the formation of reproductive shoots. 

Summary.——There are conflicting descriptions of changes that occur in the struc- 
ture of an apical meristem in angiosperms during the transition to flowering. They 
are (1) that a “reproductive” apex is the result of a gradual change in zonation 
pattern which involves the entire apical meristem and (2) that the reproductive 
apex arises from a ‘“‘reserved”’ portion of an apex which previously had no function 
during vegetative growth. A developmental study of vegetative and reproductive 
apices of certain gymnosperms, v7z., L. decidua, P. sylvestris, and G. biloba, reveals 
no basic difference in structure between the two categories of apical meristems. 
The size of the central zone may vary in vegetative and reproductive apices of the 
same species, but it is always present and in the same relationship to adjacent 
zones. A more extensive study is being undertaken currently to determine the 
general applicability of these findings throughout the gymnosperms. 

* Written during the tenure of a Merck Senior Postdoctoral Fellowship, National Research 
Council, and as a Research Fellow in Biology, Harvard University. Permanent address: De- 
partment of Botany, University of California, Davis, California. 
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STRONTIUM 90 IN NORTH ATLANTIC SURFACE WATER* 
By VauGcHANn T. Bowen AND T. T. SUGIHARA 
WOODS HOLE OCEANOGRAPHIC INSTITUTION AND CLARK UNIVERSITY 


Communicated by C. O’D. Iselin, April 26, 1957 


The various test nuclear fission explosions carried out since 1945 have resulted in 
the world-wide dissemination of detectable amounts of long-lived radioactive 
strontium 90.!_ This isotope must have been delivered to the Atlantic Ocean essen- 
tially completely as fallout, and consequently to the surface layers only. Since 
the half-life of the radioactivity is long (28 years) compared with the time span 
over which it has been delivered, measurements of the concentration of radioactivity 
in sea-water strontium may be used to test various hypotheses both of the marine 
geochemistry of strontium and of the circulatory mechanism of the upper layers of 
the oceans. 

Theorizing about the marine geochemistry of strontium radioisotopes is made 
simple by the high concentration of the element in sea water (about 8.2 mg/l at 
chlorinity 19.38 per mill).? The strontium is present preponderantly as ions in 
solution and at so high a concentration that biological and chemical processes rarely 
produce a detectable change in the Sr:Cl ratio. This same high concentration, 
coupled with the higher concentration of calcium, makes the chemical preparation 
of small amounts of strontium radioactivity a difficult task. Fortunately stron- 
tium 90 decays to produce daughter radioactive yttrium 90 (half-life, 64 hours), 
and in this form there can be prepared for counting nearly weightless samples, which 
represent the radioactivity of very large amounts of elemental strontium. It was 
our initial hope that the yttrium 90 radioactivity of sea water could be extracted 
directly, but several attempts with thenoyltrifluoroacetone in benzene as extractant 
yielded products too heavily contaminated with natural radioactivities. 

The procedure which we have finally adopted, and which has yielded the data 
presented below, is based on the initial precipitation of strontium and calcium to- 
gether as carbonates, their reprecipitation as carbonates in the presence of enough 
tetrasodium ethylenediamine tetraacetate (EDTA) to hold most of the calcium in 
solution, and separation of strontium as nitrate in 78 per cent HNO;. This last 
step is repeated once after ferric hydroxide and barium chromate scavenging to 
remove natural radioactivities, and the strontium is collected and weighed as 
SrCO;. This precipitate, redissolved, can be milked, at intervals of two weeks or 
more, of the yttrium 90, which is then counted in a small volume GM counter® 
with anticoincidence shielding, substantially as described by Martell.4. Our milk- 
ing procedure for yttrium 90 consists of coprecipitation as hydroxide with 5 mg. of 
specially purified ferric ion and filtration on commercia] Millipore HA filters. 
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These filters contribute no radioactivity and conform easily to the Bakelite hemi- 
cylindrical sample holder of the counter. 

Initially, considerable difficulty was experienced in obtaining good yields from 
the 50 to 200-liter samples of sea water required. In fact, the yields on the 
samples reported here (Table 1) varied from low to very low. Modification of the 
detailed procedure in the direction of higher carbonate concentrations at precipi- 
tation, and of reduction of the HNO; concentration in the nitrate precipitations, 
has led to recoveries in the neighborhood of 70 per cent on several samples. 


TABLE 1 
Strontium 90 In Nortu ATLANTIC SHELF WATER 


STaTION 
Woods Hole Bear 91 Bear 94 Bear 98 Bear 104 


Position 41°31'N., 40°18’ N., 40° N., 71° W. 39°42’N., 39°10’ N., 
70°40’ W. 71° W. 71°W. 71° W. 

Date (1956) 6/4 2/9 2/10 / 2/11 
Sr®? d/min/100 liters 12.7+3.4 15.0+3.0 30.0+1.6 10.3+1.6 6.34 1.6 
Salinity (per mill) 31-32 32.74 33.20 34.23 34.42 
Depth (meters) 5 110 275 2,000 2,750 
Depth of mixed layer (from 

O: curve) Ree { 40 100 160 
Sr® d/min/100 em? (calcu- 

lated for mixed layer) te 135 120 100 100 


Although satisfactory blank determinations are difficult to devise, we have car- 
ried out two: one on distilled water and the other on 400 gm. of reagent-grade cal- 
cium chloride. Since neither yielded any radioactivity assignable to strontium 
90, we are satisfied that no reagent blank ought to be subtracted from the results 
obtained. 

Counting Corrections and Calculations.—The observed activity is resolved by 
half-life into 64-hour (Y®) and other components (if any). In no case has there 
been more than 0.2 counts per minute (epm) of a contamination activity of half-life 
longer than that of Y®. The activity of Y” is extrapolated to the time of separa- 
tion of Y from Sr. The observed counting rate is converted to an absolute disintegra- 
tion rate by applying the appropriate counting corrections* * (1) for absorption of 
radiation by the Mylar cover, by the air path to the counter, and by the wall (2.70 
mg/cm?) ; (2) for self-absorption of radiation by the sample itself; (3) for backscatter- 
ing of radiation by the Bakelite cylinder; and (4) for the geometrical solid angle sub- 
tended by the counter. The method of Libby and co-workers is intended for “thick” 
samples, more than one absorption half-thickness thick. It is equally applicable 
for thinner samples as long as the third correction is indicated. The backscattering 
factor has been determined experimentally. The fourth factor has been determined 
with natural K“ as described by Martell. 

In magnitude, the correction factors are (1) +2 per cent; (2) +1 per cent; (3) 
—13 per cent; and (4) 0.33—that is, the counter on purely geometrical grounds 
can see 33 per cent of the radiation emitted by the sample. 

Since at the time of separation Y® was in secular equilibrium with Sr®, the caleu- 
lated Y” disintegration rate is also that of Sr®. 

<xcept for one series of measurements in’which temperature control was poor, 
at no time did the background counting rate (average 0.43 cpm) fluctuate more 
than 0.04 cpm from the average. Background measurements were made at least 
once a day. 
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Results and Discussion.—-The Sr” concentrations and other pertinent data for 
five surface sea-water samples are presented in Table 1. The four offshore samples 
(Bear numbers) were taken during a cruise studying the physical oceanography of 
shelf waters. Our colleagues supplied data on the distribution, to depths of 250 
meters, of temperature, salinity, dissolved oxygen, and total phosphorus. As 
shown in Figure 1, the curves of density (o,) versus depth for these stations indi- 
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Fic. 1.—Variation with depth of dissolved oxygen (Oz), total phosphorus (=P), and density 
(or) at the four offshore stations. 


cate no density gradient sufficient to prevent mixing down to considerable depths. 
However, the oxygen concentration is uniform generally to lesser depths. At this 
season in the North Atlantic, dissolved oxygen is supplied principally by solution 
at the surface, low light intensity keeping photosynthesis minimal. We have, then, 
taken the nearly straight portion of the curve of dissolved oxygen versus depth as 
an indicator of the minimum depth to which mixing was actually taking place. By 
extending the concentration of Sr® found at the surface (Table 1, third line) over 
these minimum depths (Table 1, sixth line), the minimum amount of Sr® delivered 
per unit area of sea surface has been calculated (Table 1, seventh line). The 5- 
meter depth, which was used in the calculation for Woods Hole Harbor, is cer- 
tainly not applicable, since this is a mixture of recently introduced water from 
Buzzards Bay and from Vineyard and Nantucket sounds. <A proper figure for 
depth here does not seem to be assessable, but, as we shall see, some conclusions can 
be drawn from the very absurdity of the value calculated. 

Libby! has estimated from the fallout measurements by the Atomic Energy 
Commission that at the end of 1955 the mean total delivery of Sr® from all nuclear 
tests amounted to 112 disintegrations per minute per 100 cm? in the continental 
United States, or to 23.2 d/min/100 em? for the rest of the Northern Hemisphere 
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between 0° and 50° N. Since the figure for the continental United States is heavily 
weighted by close-in fallout from the Nevada tests, it seems unlikely that the coastal- 
shelf area we are considering can be estimated to have received as much as 80 
d/min/100 em*. Furthermore, this must be thought to have been delivered over 
a period of years, though relatively little before 1953. In northern waters, where 
winter cooling annually permits mixing to considerable depths, this slow rate of 
delivery must have permitted a considerable transport of Sr® vertically beyond 
the present minimum mixed depth indicated by the dissolved oxygen curves. In 
fact, however, our analyses are incompatible with mixing even within the layer of 
uniform oxygen content. A supply of Sr® of 80 d/min/100 em? could be mixed 
to a depth of only 25 meters to permit the high concentration of 30 d/min/100 
liters found at Station Bear 94. 

We should not try to explain these discrepancies only in terms of loca] variations 
in the depth to which the water column has been thoroughly mixed. In addition 
to the inherent improbability of such an explanation, from the oceanographic 
point of view, it seems unlikely to be simple coincidence that the two samples over- 
lying deep water are lower in Sr® than are the three overlying shallow water. It 
seems most probable that slow mixing in the horizontal plane has permitted long- 
term retention of individuality by the water masses. The other properties which 
are measured either are active, in that salinity and temperature cannot vary with- 
out modifying the density and consequently the position of a water mass, or, if 
inert, are rapidly modified by the position of the water, oxygen being supplied at 
the surface by solution, and both oxygen and phosphorus being affected by biologi- 
cal processes in the illuminated zone. Thus it is not inherently improbable that a 
mass of water should appear uniform by the usual oceanographic criteria and still 
exhibit considerable inhomogeneity with respect to the radioisotope like Sr®, which, 
we believe, once added to the water, can have its concentration altered only by mix- 
ing with water of lower concentration. Until we have obtained some series annu- 
ally from the same ocean areas and some series of vertically spaced samples as well, 
it will not be possible to estimate how much of the isotope distribution discrep- 
ancy is to be assigned to a given plane. 

Some tritium analyses on Labrador Sea samples collected by Soule in 1954 and 
reported by Begemann and Libby’ are pertinent. In this area, although in March 
the uniform density layer extended to considerable depths, variations in tritium 
concentration by a factor of five were found within tens of miles at the surface 
and within tens of meters in depth. Unfortunately the depth sampling did not 
extend beyond 180 meters, but within this range the tritium variation appeared to 
be random. It would evidently be most instructive to have both Sr® and tritium 
analyzed on the same samples. Should low isotope concentrations coincide with 
any regularity, it would be difficult to avoid conceiving of convective mixing in 
northern waters as occurring by the transport of large boluses of water of equal 
density, coming quickly to equilibrium with respect to components supplied at 
the surface or controlled by biological activity, but retaining their identity with 
respect to some components for which there is no source of rapid supply. It ap- 
pears that mixing in this way might provide much greater mass transport to depth 
at the seasonal breakdown of thermal stratification than would conventional turbu- 
lent mixing. 
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Our present program includes a series of vertical sampling stations in both North 
and South Atlantic waters to be analyzed for a series of radioisotopes, as well as 
being part of extensive physical oceanographic analyses. We are at present in 
the process of analyzing a series of surface samples along the line 60° W. longitude 
from 17° N. to 28° N., where the thermal structure is very different. 

It appears to us that the relatively high Sr® concentration of Woods Hole Harbor 
water, which represents large areas of shallow basins where interaction between water 
and bottom ought to be maximal, may be taken as indicating that transfer of the 
radioisotope to sediments must be very slow. It has been estimated from other 
considerations by Odum* that the half-time of strontium in the oceans is about a 
million years, and, because of the high strontium concentration of sea water, we do 
not expect isotope exchange to favor Sr® transfer to the sediments. With Professor 
Ek. H. Moore, we are now in the process of examining the Sr® content of a number 
of Buzzards Bay surface sediments whose biological activity and physical proper- 
ties are being separately studied. 


It is a pleasure to acknowledge the assistance of Miss Sybil A. Campbell with the 
chemistry and of Messrs. P. J. Drevinsky and 8. Klainer with counting measure- 
ments. 


* Contribution No. 907 from the Woods Hole Oceanographic Institution. Work supported by 
the Office of Naval Research under Contract Nonr-1238(00). Low-level counting equipment 
largely supported by National Science Foundation Grant 984 to T. T. Sugihara. 
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Communicated by Linus Pauling, May 27, 1957 
I. QUALITATIVE DESCRIPTION 


This communication presents a new method for the study of the molecular 
weight and partial specific volume of macromolecules, with some illustrations based 
on results with deoxyribonucleic acid (DNA) and several viruses. The method in- 
volves observation of the equilibrium distribution of macromolecular material in 
a density gradient itself at equilibrium. The density gradient is established by 
the sedimentation of a low-molecular-weight solute in a solution subject to a con- 
stant centrifugal field. 

A solution of a low-molecular-weight solute is centrifuged until equilibrium is 
closely approached. The opposing tendencies of sedimentation and diffusion have 
then produced a stable concentration gradient of the low-molecular-weight solute 
(Fig. 1). The concentration gradient and compression of the liquid result in a 
continuously increasing density along the direction of centrifugal foree. Consider 
the distribution of a small amount of a single macromolecular species in this density 
gradient. The initial concentration of the low-molecular-weight solute, the cen- 
trifugal field strength, and the length of the liquid column may be chosen so that 
the range of density at equilibrium encompasses the effective density of the macro- 
molecular material. The centrifugal field tends to drive the macromolecules into 
the region where the sum of the forces acting on a given molecule is zero. (The 
effective density of the macromolecular material is here defined as the density of 
the solution in this region.) This concentrating tendency is opposed by Brownian 
motion, with the result that at equilibrium the macromolecules are distributed with 
respect to concentration in a band of width inversely related to their molecular 
weight. 


CONCENTRATION DISTRIBUTIONS 


1. Gaussian Bands.—It is shown in Section II that in a constant density gra- 
dient under certain attainable conditions, the concentration distribution at equilib- 
rium of a single macromolecular species is Gaussian. The standard deviation of 
this Gaussian band is inversely proportional to the square root of the macromolecular 
weight. The band is centered about the cylindrical surface corresponding to the 
effective density of the macromolecular material. Figure 2 is a photometric 
record showing the equilibrium distribution of bacteriophage DNA in a density 
gradient of cesium chloride in water. 

If the macromolecular material is composed of species with various molecular 
weights and effective densities, the observed equilibrium distribution is the sum 
of the separate Gaussian distributions with standard deviations and means corre- 
sponding to the molecular weights and effective densities, respectively, of the vari- 
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Fic. 1.—Superimposed schlieren diagrams of 
successive stages in the development of a 
cesium chloride equilibrium gradient. The 
numbers above each curve are the times in 
hours that the centrifuge has been running at 
31,410 rpm. These diagrams are from an 
experiment in which 8 ug. of DNA was present 
in the cell; the banded DNA produces a di- 
phasic pip in the final schlieren diagram. 


2. Bi- or Polymodal Distribution of Banded Material.— 


a single observed band of essentially Gaussian 
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Fic. 2.—The equilibrium distribution of 
DNA from bacteriophage T4. An aliquot of 
osmotically shocked T4r containing 3 yg. of 

JNA was centrifuged at 27,690 rpm for 80 
hours in 7.7 molal cesium chloride at pH 8.4. 
Evidence for the attainment of equilibrium 
was provided by the essential identity of the 
final band shapes, whether the DNA _ was 
initially distributed uniformly in the cell or in 
an extremely tight band. At equilibrium the 
observed DNA distribution does not depart 
appreciably from Gaussian form, indicating 
essentially uniform molecular weight and ef- 
fective density. The mean of the distribution 
corresponds to an effective density of 1.70, and 
the standard deviation corresponds to a molecu- 
lar weight for the Cs‘-DNA salt of 18 X 10°. 
Assuming the base composition for T4 reported 
by G. R. Wyatt and 8S. 8. Cohen (Nature, 170, 
1072, 1952) and the glucose content reported 
by R. L. Sinsheimer (these ProcEEpINGs, 42, 
502, 1956), this corresponds to a molecular 
weight of 14 X 106 for the sodium deoxyribo- 
nucleate. The density gradient is esse ntially 
constant over the band and is 0.046 gm/cm.". 
The concentration of DNA at the maximum is 
20 ug/ml. 


If the effective densities 


of the macromolecular species are sufficiently distinct, a distribution with more than 


one mode will be observed. 
discrete bands. 


In extreme cases this may lead to the formation of 
An example is the separation of normal DNA from DNA which 
contains, instead of thymine, the analogue 5-bromouracil. 


This unusual DNA 


is considerably more dense than normal DNA, and prepared mixtures of the two 


give rise to well-resolved bands in a cesium chloride gradient (lig. 3). 


With DNA 


in cesium chloride, density differences of less than 0.001 gm/cem* may be detected. 


3. Skewed Unimodal Bands.—A skewed band indicates the presence of material 
heterogeneous with respect to effective density. 


Such bands are shown in Figures 


} and 4 for bacteriophage DNA containing 5-bromouracil and calf thymus DNA, 


respectively. 


The skewness of the former band is the result of compositional 
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heterogeneity; i.e., some molecules contain more 5-bromouracil (in place of thy- 
mine) than others. Effective density heterogeneity may in general be composi- 
tional or structural in origin. 

4. Symmetric Unimodal Non-Gaussian Bands.—FYor the Gaussian function y = 
exp (—2?/2o¢?) a plot of In y against 2x? yields a straight line of slope —1/2c7. A 
plot of the logarithm of the concentration in a band against the square of the dis- 
tance from the maximum provides a convenient test for heterogeneity. Downward 
concavity anywhere in this plot signifies heterogeneity in effective density. Such 
a case may be rare in view of the a priori unlikelihood that the effective densities 
would be distributed in just such a way as to give rise to a symmetrical band.! The 
absence of downward concavity coupled with the observed symmetry of the con- 
centration distribution is strong presumptive evidence for density homogeneity. 
Under this presumption, upward concavity is evidence for heterogeneity in molecu- 
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Fig. 3.—-The concentration distribution of a 
mixture of normal and 5-bromouracil-contain- 
ing DNA from bacteriophage T4. A mixture DISTANCE FROM ROTOR CENTER —- 
of osmotically shocked normal and 5-bromoura- 
cil-containing T4 (prepared by the method of Fic. 4.—The concentration distribution o/ 
R. M. Litman and A. B. Pardee, Nature, 178, calf thymus DNA banded in cesium chloride. 
529, 1956) was centrifuged at 44,700 rpm in 2.7 yg. of calf thymus DNA (prepared by a 
8.9 molal cesium chloride at pH 8.4. The detergent method by Dr. C. Jardetzky) was 
density gradient is 0.12 gm/cem.‘. The position centrifuged at 44,700 rpm in 7.7 molal cesium 
of the normal DNA indicates an effective den- chloride at pH 8.4. The skewness in the re- 
sity of 1.70; the maximum effective density of | sultant band indicates heterogeneity in effective 
the substituted DNA is 1.80. density. 








lar weight, and the slope at any point is inversely proportional to the weight mean 
molecular weight of the material at the corresponding position in the band (see 
Sec. IT). 


MEASUREMENTS OF EFFECTIVE DENSITY 

The mean effective density of macromolecular material (distributed in any 
manner within the density range of the solution) may be found from the mean of the 
mass distribution evaluated from the observed concentration distribution. If 
effective density is influenced by composition, the distribution provides a basis for 
the analysis of the composition of the material. This application is illustrated by 
the results with phage DNA containing 5-bromouracil (Fig. 3). The effective 
density of this DNA is found to be related to the degree of substitution of thymine 
by 5-bromouracil as determined chromatographically. 
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MOLECULAR-WEIGHT DETERMINATIONS 


In the absence of density heterogeneity, both the number and weight mean 
molecular weights may be calculated from the observed shape of the band at 
equilibrium, as is shown in Section IT. Molecular weights may be calculated from 
concentration distributions influenced by density heterogeneity; however, these 
should be considered minimal values. In the examples presented, only a few micro- 
grams of the macromolecular material were present in the cell. The usefulness of 
the method for biological studies is further illustrated by the study of intact viruses 
in cesium chloride gradients. Both bacteriophage and tobacco mosaic virus? have 
been banded without loss of infectivity. Preliminary work with bovine albumin 
and human hemoglobin suggests the applicability of this method to smaller macro- 
molecules. Details of the experimental procedures and results with several ma- 
terials will be published elsewhere. 


If. QUANTITATIVE RELATIONS 


The total potential of any component at equilibrium in a closed system at constant 
temperature must be uniform throughout the system. In a centrifugal field this 
requirement results in the rigorous condition® 


M,(1 — i;p(r))w’r dr — > Ome dC, = 0 (1) 
K OC; 

where M,, #;, ui, C; are molecular weight, partial specific volume, partial molal 
(Gibbs) free energy, and concentration of the 7th component. The summation 
extends over a complete set of independently variable components. The angular 
velocity is given by w, the radial co-ordinate is r, and the density of the solution at 
ris p. We shall consider a system containing water, a low-molecular-weight elec- 
trolyte XY, and a macromolecular electrolyte PX,. The discussion will apply 
equally well to positive or negative polymeric ions and, with n = 0, to neutral 
polymer molecules. In the case of neutral polymers the low-molecular-weight 
solute may be a nonelectrolyte. 

Three components are necessary and sufficient‘ to describe the composition of the 
system. They are chosen here as water, XY, and the neutral unsolvated molecule 
PX,. Other choices are of course permissible, but this one is especially convenient. 
For definiteness in making certain approximations and for comparison with ex- 
periment, we shall refer to the system water—cesium chloride-cesium deoxyribonu- 
cleate. The total amount of polymer will be made so small as to have a negligible 
effect on the potentials of the salt and water. Therefore, we may first calculate 
the concentration distribution of X Y from equation (1), ignoring the polymer, and 
then, again using equation (1), find the distribution of the polymer in the salt 
gradient. This gradient is 


dCxy _ Oxy daxy _ OCxy axyMxvr(1 — dxro(r))w*r (2) 
dr aes a. Owe RT : 


The sum of equation (1) has been replaced by its equivalent, RT d In ayy, where 
dyy is the activity. Values of ayy, p, and ayy as functions of concentration and 
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pressure are experimentally determinable and may be found in the literature for 
some systems. The salt concentration as a function of r may be found by numeri- 
cal integration of expression (2). Alternatively, it may be measured by optical 
methods in the centrifuge itself. 

In many cases it is possible to select XY so that the density and concentration 
gradients are essentially constant over regions sufficiently long to encompass a 
polymer band. For example, it is found, both by calculation from equation (2) and 
by direct observation of the refractive index gradient in the centrifuge, that the 
cesium chloride concentration and density gradients are essentially constant over 
the region of a DNA band. For computational simplicity, we shall consider only 
these linear systems, so that upon choosing rp in the region of a band, we may 
write Cyy and pas 


dr 


| gare 
Cxy(r) = Cxy(ro) + ( *") (r — ro), (3) 


dp 
p(r) = p(ro) + ( ) (r — 1»). (4) 
dr/,, 
Having found the distribution of XY, we may now employ equation (1) to deter- 
mine the distribution of PX,. Making use of equation (4), we write the first term 
of equation (1), which represents the work per mole done against the centrifugal 


field moving PX, from r tor + dr, as 


dp 


) (r — 1o)) wr dr. (5) 
dr} 1 


M px, (1 — dpxnp(ro) — sra( 
It should be emphasized that dpy, is the partial specific volume of PX, in a solution 
of XY ata concentration Cyy(r). In order to evaluate the remaining term in 
equation (1), we consider it to be composed entirely of the osmotic work RT d In 
Cpx, + 2RT d\n yxCx, where z is the effective number of counter-ions which must 
be moved along with the charged polymer molecule PX, _, in order to maintain 
electrical neutrality and yx is the activity coefficient of the ion X¥. We thereby 
neglect any other change in the free energy of the polymeric component as it is 
moved through the solution. This should be a valid approximation if the frac- 
tional change in the concentration of XY across a polymer band is small. It is 
especially plausible for the case of DNA in cesium chloride, for which the cesium 
chloride concentration changes by less than one part in one hundred over the re- 
gion of a band. Also, over a small concentration range, the term d In yx will be 
negligible in comparison to d In Cy. Incorporating these approximations in the 
limit of low polymer concentration, we have 


. {4 ; 
M px,\ 1 — dpxpp(To) — Opx»\—) (r — ro) Jw*r dr — 
dr/ ;, 


. nt dC xy 
RT d\n Cpx, — zRT d In {| Cxy(%) + ; (r — ro)}) = 0. (6) 
dr Je 


Assuming dpx, and z to be independent of r over the region of a band, this may be 
integrated with respect to (r — ro) from r = ro tor = r, yielding 
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r— To d 
M px» (1 — dpxnp(ro)) w(r — ro { : — + r) — Mpx,irxy (<2) 


dr 


apo 4 "Oo Cpxy 
w'(r — ro)? (“ + ) — RT ln cf 2RT |n 


3 2 Cpx,(To) 


<s) if ~) ‘ns 
( 12 ( dr /,, Cxy(ro) ) 


In many cases, including that of DNA in cesium chloride solution, the band width 
may be made quite small compared with the distance of the band from the center 
of rotation, so that | r— ro| <r. Further, because of the small magnitude of the 
gradient of Cxy(r), In (1 + (dC xy/dr),, (r — ro)/Cxy(ro)) may be expanded as 
(dC xy/dr),, (r — ro)/Cxy(7). Introducing these approximations in equation (7) 
and completing the square in the variable (r — ro), we obtain 


a —1] 
Cpx,(r) = Cpxpn(70) (exp ) (exp 2, 9 ((r P= ro) + «)*), (8) 
oc 


2c? 2 


where 


RT 


i dp\ , 
M PX nUPX 625° ts wT 
dr] ,, 


and 


zRT (dCxy/dr),, (1 — dpxnp(To)) 
a= ‘iam ; eebhamaiinaieds ——— 
M PX nUPX nwrol "x y(10) Upx n (dp /dr) ro 


(10) 


This is a Gaussian distribution with standard deviation ¢. Equation (8) is simpli- 
fied by choosing ry as the mean in which case a = 0. Therefore, the density of the 
medium at the band center is given by the expression 


L.( — Seneesiada\ (un 


9G). ee 
p(ro) fs M px,w*roC x y(r0) 


Oi] 


CPXn 


Thus the pull of the counter-ions displaces the origin of the Gaussian band from 
the region of density 1/ipx, to ro, where the density is p(ro). Our final result, then, 
for the distribution of a single polymeric species at equilibrium in a constant density 
gradient is 


Cpx,(r) = Cpx,(ro) exp 


Krom the observed value of a, the molecular weight is calculated as 
RT 


dpx,(dp/dr),,w*roo? 


M px, = (13) 
The molecular weight obtained from equation (13) refers to the dry neutral mole- 
cule PX, whether or not the species actually present is solvated or charged. Be- 
cause it is much more convenient to measure the effective density p(7») than to 
determine épx, by the usual pycnometric method, one might inquire under what 
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conditions it is permissible to equate the two quantities. This may be done when 


(: seri anid) 


5 M px,w*MC'x y(7o) 


(14) 


For DNA in cesium chloride solution, even if each primary phosphate carried an 
effective negative charge (which is surely not the case), the approximation (14) 
involves an error less than 10 per cent. 

Having shown that a single polymeric species in a constant density gradient will 
be distributed at equilibrium in a band of Gaussian shape, we now turn to the more 
general situation of a polymer heterogeneous with respect to molecular weight 
although homogeneous with respect to effective density. In the limit of low poly- 
mer concentration, interactions between polymer molecules may be presumed 
absent, so that the observed band will be the sum of many Gaussians with coinci- 
dent origins, with each Gaussian possessing a standard deviation related to the 
molecular weight of the corresponding species by equation (9). 

It then follows with no further assumptions that the weight and number aver- 
age molecular weights of the polymeric material at r are given, respectively, by 

_98 d In ( PXn (15) 
d(r — 19)? 


BC Pxnl?) 
f (r — ro)Cpx,(r) dr. 


My(r) = (16) 


The corresponding molecular weight means for the material comprising a band are 


My = —26 S (d In Cpx,/d(r se ro)? Cpx,(r) dr 


Crxa(r) dr, 
My = hin a Cpxnlr) dr 


of (r — ro)*Cpx,(r) dr, 
where 
RT 


tpx,(dp dr) ,,@°ro, 


B= 


The integrations are to extend over the entire band and are written so as to apply 
to cells having straight walls whether radial or not. In the completely general case 
of heterogeneity of both density and molecular weight, the molecular weights calcu- 
lated from the above equations are minimal values. 

Finally, we turn to the problem of estimating the time necessary for the distribu- 
tion of the polymer to approach closely to its equilibrium value. It can be shown® 
that the time required for the concentration of a single species to be within 1 
per cent of its equilibrium value from the center of the Gaussian to two standard 
deviations may be estimated as 


9 


L 
{* = - (in + 1.26), Ls (19) 
o 
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where o is the standard deviation at equilibrium, D is the diffusion constant, 
and L is the length of the liquid column in which the polymer was evenly 
distributed at the start of centrifugation. This estimate is based on the 
assumption that the density gradient is fully established at time zero. The time 
actually required for the equilibration of X Y may be estimated theoretically. In 
the DNA-cesium chloride system, the cesium chloride equilibrium is, in fact, ap- 
proached much more quickly than that for the polymer and the estimate of equa- 
tion (19) agrees with observation. 
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1 It should be pointed out that this possibility is subject to experimental test.’ By means of a 
partition cell the material on either side of the mean may be isolated and rebanded. The new 
band will be skewed if there was density heterogeneity in the original band. Alternatively, one 
may compare the concentration distribution observed in cells of different shape. For a single 
species, the concentration distribution is independent of cell shape. However, for material 
heterogeneous with respect to either molecular weight or effective density or both, the observed 
concentration distribution is dependent on variations in the area of the cell along the radius of 
rotation. This dependence is such that for material of homogeneous density the symmetry of the 
band is not disturbed (although its shape may be). For a material with density heterogeneity, 
however, the band will show various departures from symmetry, depending on cell shape and the 
particular density distribution present. 

2 A. Siegel, private communication, 1957. 

3'T. Svedberg and K. O. Pedersen, The Ultracentrifuge (Oxford, 1940). 

* Although three components are sufficient for a thermodynamic description of the system in the 
absence of the centrifugal field, more may be required in its presence. A system subject to a cen- 
trifugal field may be regarded as being composed of a continuous sequence of phases of infinitesimal 
depth in the direction of the field. A number of components sufficient to describe the chemical 
composition of each phase must be employed. In the present case, more than three components 
would be required if any product arises with composition not describable in terms of the three 
chosen components and which sediments differently than any of the components involved in its 
formation. This complication is explicitly excluded from the present discussion. 

5G. M. Nazarian and M. Meselson, to be published. 

®R. A. Pasternak, G. M. Nazarian, and J. R. Vinograd, Nature, 179, 92, 1957; G. M. Nazarian, 
doctoral dissertation, Department of Chemistry, California Institute of Technology, 1957. 





THE ROLE OF DEOXYRIBONUCLEIC ACID AND OTHER 
POLY NUCLEOTIDES IN ATP SYNTHESIS 
BY ISOLATED CELL NUCLEI 


By V. G. ALLFREY AND A, E. Mirsky 
ROCKEFELLER INSTITUTE, NEW YORK, NEW YORK 
Communicated May 21, 1957 
INTRODUCTION 


In previous studies of amino acid incorporation by isolatéd cell nuclei it was ob- 
served that nuclei deprived of their deoxyribonucleic acid could not synthesize 
protein. The capacity for amino acid incorporation could be restored to such 
nuclei by the addition of the homologous deoxyribonucleic acid, by DNA’s from 
other species, by denatured and degraded DN A’s, and even by ribonucleic acids.'~* 

At the same time it was pointed out that the uptake of labeled amino acids into 
the proteins of the nucleus takes place only under aerobic conditions and that agents 
which interfere with oxidative phosphorylation in the nucleus also interfere with 
the synthesis of protein. The correlation between oxidative phosphorylation in the 
nucleus and amino acid uptake into its proteins is most strikingly demonstrated by 
experiments in which nuclear adenosine triphosphate was selectively removed. 
Nuclei deprived of their ATP lost their ability to incorporate C'*-alanine.‘ 

It is the purpose of the present report to summarize, expand, and link these two 
sets of observations and to present evidence that one function of DNA, and of 
other polynucleotides in reconstituted nuclei, is to mediate the synthesis of adeno- 
sine triphosphate. 

The Polynucleotide Requirements for Amino Acid Incorporation.—The experiments 
about to be described were carried out using nuclei isolated from calf thymus after 
homogenization and differential centrifugation in 0.25 M sucrose-0.003 M CaCl 
solution. 

When thymus nuclei are incubated at 37° C. in a buffered sucrose medium in the 
presence of sodium ions and C'*-labeled amino acids, fhe isotope is rapidly incor- 
porated into the proteins of the nucleus. This incorporation is originally DNA- 
dependent, for pretreatment of the nuclei with deoxyribonuclease, and removal of 
the DNA, leads to a great reduction in subsequent amino acid uptake. However, 
the synthetic capacity of the nucleus is not irreversibly destroyed by such treat- 
ment; the addition of a DNA supplement can restore much of the incorporating 
ability (Table 1). 

The most striking point about such “restoration” experiments is the lack of 
specificity which they demonstrate. It is not necessary to restore the homologous 
DNA. Many DNA preparations from widely diverse sources promote amino acid 
uptake just as well as the DNA of calf thymus (Table 1). Furthermore, the DNA 
molecule need not be intact, for alkali-denatured DNA and the split-products ob- 
tained by DN Aase digestion are just as effective as the original DNA preparation. 
Even ribonucleic acids will substitute for the DNA of the thymus in restoring amino 
acid incorporation into nuclear proteins (Table 2). Finally, the lack of a specificity 
requirement is most conclusively shown by experiments in which C'*-alanine and 
C'-leucine uptakes were restored in DN Aase-treated nuclei by polyadenylic acid 
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(Table 2). (We are greatly indebted to Dr. Severo Ochoa for his generosity in sup- 
plying this interesting material. ) 

Although the spectrum of suitable DNA substitutes is quite broad, it does not 
include a number of other related, and perhaps equally likely, compounds. For 
example, amino acid uptake cannot be restored by the free purine and pyrimidine 
bases or by mixtures of nucleosides. And, although ribonucleic acid will substitute 


TABLE 1 


Errect oF SUPPLEMENTARY DNA’s IN RESTORING C'-ALANINE UPTAKE 
IN DNAASE-TREATED NUCLEI 
(Counts/Min/Mg) 
Speciric AcTIvVITY OF RECOVERY 
-~—.——-NvUcLEAR PROTEIN or 
Treated Lost 
DNAase- Nuclei Activity 


“Control” treated + Supple- Activity Activity (PER 
SuprpLeMENT TESTED Nuclei Nuelei ment Losr REGAINED CrEntT) 


. Calf thymus DNA 91 25 70 66 45 
Calf kidney DNA 91 25 70 66 45 
Chicken erythrocyte DNA 91 25 60 66 35 
Paracentrotus sperm DNA 91 25 72 66 47 

. Calf thymus DNA 135 21 93 114 72 
Trout sperm DNA 135 21 89 114 68 

3. Calf thymus DNA 145 69 101 76 32 
Wheat germ DNA 145 69 86 76 17 

. Thymus DNA 99 33 101 66 68 

Thymus DNA, alkali-de- 
natured 99 33 104 66 

. Thymus DNA 38 Ba 28 30. 

Thymus DNA, “‘core’’ after 

DNAase digestion 38 : 24.! 30. 
Thymus DNA, dialyzable prod- 

ucts of DN Aase digestion 38 tat 29 30.5 


TABLE 2 


Errect oF Rrponuc.terc Acip AND POLYADENYLIC ACID SUPPLEMENTS 
on Amino Actp INCORPORATION BY DNAASE-TREATED NUCLEI 
(Counts/Min/Mg) 

SPECIFIC ACTIVITY or ReE- 
—-NvucLEAR ProreEiIn———- COVERY 

Treated or 

Nuclei Lost 
DN Aase- + ACTIVITY ACTIVITY 

SupPLEMENT AMINO “Control” treated Supple- Activity Re- (Per 

TESTED Acip Nuclei Nuclei ment Lost GAINED Cent) 


. Calf liver RNA Alanine-1-C'! 92 54 38 26 68 
Calf thymus 
DNA Alanine-1-C'4 92 54 38 27 

. Yeast RNA Alanine-1-C' 68 23 f 45 35 
Thymus DNA Alanine-1-C' 68 23 . 45 31 

3. Polyadenylic acid Alanine-1-C'* 450 167 % 283 96 
Yeast RNA Alanine-1-C'* 450 167 d 283 135 
Thymus DNA Alanine-1-C'* 450 167 é 283 106 
Polyadenylic acid Leucine-2-C' 87 170 64 
Yeast RNA Leucine-2-C 4 57 87 170 65 
Thymus DNA Leucine-2-C'4 57 87 144 170 57 


for DNA, an alkaline digest of RNA will not. By the same token, a mixture of 
the nucleoside 2’- and 3’-phosphates has no effect on amino acid incorporation 
(Table 3). Mixtures of the ribonucleoside-5’-phosphates, AMP, ADP, and a num- 
ber of dinucleotides were also tested and found inactive. (We are grateful to Dr. 
R. B. Merrifield, of the Rockefeller Institute, for the gift of these dinucleotides. ) 
Among the dinucleotides tested was adenylic-adenylic dinucleotide, chromato- 
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graphically purified after rapid acid hydrolysis of yeast RNA; this failed to pro- 
mote alanine uptake in DN Aase-treated nuclei. This observation takes on added 
significance when it is compared with the previous finding that polyadenylic acid is 
a very effective agent in restoring alanine and leucine uptakes. Thus the poly- 
nucleotide is effective where the corresponding dinucleotide is not, and the molecular 
size of the polynucleotide emerges as one of the factors which determine its capacity 
to promote amino acid incorporation. ‘A clue to the range of effective molecular 
size can be found in previous experiments which show that the dialyzable split- 
products obtained from DNA (by DN Aase digestion) can substitute for the DNA 
itself. This suggests that tri- and tetranucleotides may be effective in this system. 


TABLE 3 
Errect OF RIBONUCLEOSIDES, NUCLEOTIDES, AND DINUCLEOTIDES ON C'™-ALANINE 
UprakKE BY DNAASE-TREATED NUCLEI 
(Counts/Min/Mg) 
SpEctIFric ACTIVITY oF Re- 
NvucLeaR PROTEIN - COVERY 
Treated or 
Nuclei Lost 
DN Aase- + Aectiviry Activity 
“Control” _ treated Supple- ACTIVITY Re- 
SupPLEMENT TeEsTED* Nuelei Nuclei ment Lost GAINED 


Yeast RNA 450 167 302 283 135 
A, G, C, U, nucleoside mixture 450 167 106 283 a 
Yeast RNA 68 23 58 45 35 
Yeast RNA, hydrolyzed in 0.3 
N NaOH 68 ‘ 23 45 0 
A, G, C, U, nucleotide mixture 
(nucleoside 2’ and 3’-phos- 
phates) 23 45 
Yeast RNA 165 
Polyadenylic acid 
A, G, C, U, mononucleotide 
mixture (nucleoside 5’-phos- 
phates) 
. Yeast RNA 
Adenylic-adenylie dinucleotide 
Adenylie-guanylic dinucleotide 
Adenylic-uridylic dinucleotide 
Guanylic-cytidylie dinucleotide 


* Abbreviations: A = adenine,G = guanine, C = cytosine, U = uracil. 


Nuclear Oxidative Phosphorylation and Protein Synthesis.—That isolated nuclei 
possess a capacity for aerobic ATP synthesis has already been demonstrated.® 4 
This process differs in several important respects from the type of oxidative phos- 
phorylation observed in mitochondrial suspensions. A few of the resemblances 
and several of the most striking differences can be briefly described. 

In isolated nuclei, ATP synthesis requires oxygen and is inhibited by anaerobio- 
sis, by 2,4-dinitrophenol, sodium azide, sodium cyanide, and antimycin A. In all 
these respects it resembles ATP synthesis by mitochondria. On the other hand, 
several inhibitors of mitochondrial oxidative phosphorylation, including carbon 
monoxide,*® calcium ions, Janus green b, methylene blue, and dicumarol, have no 
effect on ATP synthesis by the nucleus. 

It is a matter of some interest to compare the effects of these varied compounds 
on ATP synthesis with their effects on nuclear protein synthesis. Such a compari- 
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son is made in Table 4. It is clear that agents which block ATP synthesis in the 
nucleus also block amino acid uptake into its proteins. 


TABLE 4 


Errects oF METABOLIC INHIBITORS ON PHOSPHORYLATION OF 
NUCLEOTIDES AND INCORPORATION OF AMINO 
Actps IN IsoLaTeD THymus NUCLEI 


Change in 
Change in Alanine-1-C™ 
Phosghetyiation Uptake 
Jue to Due to 
Added Inhibitor Added Inhibitor 
Inhibitor Concentration (Per Cent) (Per Cent) 


Sodium cyanide 1x 107? M — 100 —76 
2,4-Dinitrophenol 2x 10-*M — 100 —84 
Sodium azide 1x 10° M — 100 —91 
Antimycin A ug/ml —61 —89 
Methylene blue t ; ne ~— 


0 0 


Calcium ions > y 0 0 
0 


The evidence linking amino acid incorporation to ATP synthesis is not limited to 
the inhibition studies summarized in the table. A more direct test of the linkage 
became possible when it was discovered that acetate ions selectively remove nuclear 
ATP at pH values below 5.9.4 A study of C'*-alanine incorporation showed that 
nuclei exposed to acetate buffers over the pH range 4.4—5.9 were far less active than 
“control” nuclei maintained at comparable pH values in buffers which did not ex- 
tract nuclear ATP. (The extent of C'-alanine incorporation was determined by 
suibsequent incubation of the ‘“‘coritrol’’ and acetate-extracted nuclei in a neutral 
medium.‘) It was found, for example, that nuclei which had lost 77 per cent of 
their adenosine triphosphate had also lost over 90 per cent of their capacity to in- 
corporate radioalanine. 

The ATP requirement for protein synthesis by the nucleus is, of course, in com- 
plete accord with observations on cytoplasmic systems. The resourceful and 
stimulating experiments of Hoagland, Keller, Zamecnik, and Stephenson have made 
it clear that the activation of L-amino acids prior to their incorporation into micro- 
somal proteins involves the formation of amino acyl-adenylate compounds. These 
compounds appear in reactions requiring specific enzymes and adenosine triphos- 
phate.’* It will be of interest to see whether enzymes of similar specificities occur 
in the cell nucleus. 

The Role of Polynucleotides in AT P Synthesis.—Some experiments will now be de- 
scribed which relate the DNA of the nucleus directly to the synthesis of adenosine 
triphosphate. The first of these is the demonstration that nuclei pretreated with 
deoxyribonuclease lose their capacity to synthesize ATP (Fig. 1). 

In this experiment nuclear suspensions were incubated at 38° for 30 minutes in 
the buffered sucrose-NaCl medium used in amino acid incorporation experiments. * 
Crystalline pancreatic deoxyribonuclease was present in half the flasks; nuclei in 
the other flasks served as “controls.” Following incubation, the nuclei were centri- 
fuged down and the supernates removed for analysis (to measure the extent of DNA 
degradation). The supernates obtained from DN Aase-treated nuclei showed that 
they had lost 55 per cent of their DNA. Parallel analyses indicated that more 
than 70 per cent of the DNA in treated nuclei had been made soluble in cold 2 per 
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Fic. 1.—-The chromatographic separation of ATP from other nucleotides 
in extracts of isolated cell nuclei. The optical density of the effluent, Eso, 
is plotted against the volume of solution passing through a column of 
Dowex-1 (formate). Curve A shows the pattern obtained from an acid ex- 
tract of untreated thymus nuclei. Curve B shows the corresponding pat- 
tern obtained from nuclei pretreated with deoxyribonuclease. Note the 
decrease in the ATP peak. Curves C and D show the result of adding sup- 

lements of thymus DNA and yeast RNA to the DNAase-treated nuclei. 
he magnitude of the increase in ATP synthesis under these conditions is 
given in Table 5. 


cent HCIO,. To test their capacity for ATP synthesis, the nuclear residues were 
resuspended in buffered sucrose containing citrate (to inhibit further DN Aase 
action) and were shaken in air for 30 minutes at 38°. Following this second inecuba- 
tion, the nuclei were centrifuged down. They were extracted with cold 2 per cent 
HCIO, (to remove the acid-soluble nucleotides, including ATP), and the extracts 
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were neutralized with KOH. The filtered extracts were then placed on Dowex-1 
(formate) columns, and the nucleotides were separately eluted and analyzed, follow- 
ing the procedure of Hurlbert, Schmitz, Brumm, and Potter.* The results are sum- 
marized in Figure 1, A and B, and in Table 5. Nuclei treated with DN Aase in this 
way contain less than 30 per cent of the ATP found in untreated “controls.” 

To test the possibility that DN Aase-treated nuclei can synthesize ATP but can- 
not retain it, we examined the supernates obtained by centrifuging the treated 
nuclei after incubation. Chromatographic analysis showed only traces of ATP; 
less than 21 per cent of the difference in ATP content between “control” and treated 
nuclei could be accounted for in this way. Since the ATP is not in the nuclei and 
not in the supernate, it follows that removal of the DNA from the nucleus impairs 
its capacity for ATP synthesis. 


TABLE 5 
Errect oF PoLYNUCLEOTIDES ON ATP SYNTHESIS BY 
DN AASE-TREATED NUCLEI 


ATP 
CONTENT 
RELATIVE 
TO 
ATP Content or Nuciet ‘“‘ConrTRoLs”’ 

Total Micro- (Per 

ConpIti0ons or ExpERIMENT Ew grams CrEntT) 
“Control’’ nuclei 16.2 562 
DN Aase-treated nuclei 4.86 169 
“Control’’ nuclei 14.27 495 
DN Aase-treated nuclei 3.96 137 
DN Aase-treated nuclei, + thymus DNA .28 357 
3. “Control’’ nuclei 5.14 907 
DN Aase-treated nuclei Py fy) 165 
DN Aase-treated nuclei, + thymus DNA 3.95 588 
DN Aase-treated nuclei, + yeast RNA .33 740 
. “Control’’ nuclei 3.18 457 
DN Aase-treated nuclei 3.85 134 
DN Aase-treated nuclei, + thymus DNA, in air 9.39 326 
DN Aase-treated nuclei, + thymus DNA, in nitrogen 5.23 181 


A second type of experiment shows that the capacity of DN Aase-treated nuclei 
for ATP synthesis is readily restored when they receive a DNA supplement. The 
procedure used was quite similar to that described above. Nuclei were pretreated 
with pancreatic deoxyribonuclease and centrifuged down, discarding the super- 
nates. Some of the nuclei were then resuspended in sucrose-citrate solutions con- 
taining thymus DNA; other nuclei received no DNA supplement. The suspensions 
were shaken in air for 30 minutes at 38°. The nuclei were centrifuged down and 
extracted with cold 2 per cent HCIO,. The extracts were neutralized and placed on 
Dowex-1 (formate) columns. The results of the chromatographic analysis are 
summarized in Figure 1, C, and in Table 5. It is evident that a DNA supplement 
restores much of the nuclear capacity for ATP synthesis. 

It should be pointed out that only bound AMP can be phosphorylated by thymus 
nuclei.‘ Therefore, the high ATP content of “restored’’ nuclei (over 70 per cent of 
that found in ‘‘controls’’) is also evidence against a loss or extraction of mononucleo- 
tides when the DNA is removed. This retention of the mononucleotides is in ac- 
cord with previous observations which show that neither the histone nor the ribo- 
nucleic acid contents of the nucleus are appreciably diminished by DN Aase treat- 
ment, ® 
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Subsequent tests performed in the same way show that ATP synthesis in DN Aase- 
treated nuclei can be restored by polynucleotides other than DNA. Figure 1, D, 
summarizes the results obtained by adding a supplement of yeast ribonucleic acid. 
It is of interest that the amount of ATP obtained in the presence of added RNA 
exceeds that induced by adding DNA (see Table 5). This parallels previous obser- 
vations on amino acid incorporation in reconstituted nuclei (see Table 2). 

The question now arises as to how DNA and other polynucleotides mediate the 
synthesis of ATP. A number of possible mechanisms might be suggested which 
utilize the relatively high energy of the internucleotide linkage. For example, 
the reversibility of the ADP = polyadenylic acid reaction (catalyzed by polynu- 
cleotide phosphorylase™ !') suggests one way in which such energy could be utilized. 
However, any consideration of the mechanism of ATP synthesis in isolated nuclei 
should begin with the observation that it is essentially coupled to oxidative proc- 
esses. This is shown most directly by the results of the following experiment. 

Thymus nuclei were pretreated with deoxyribonuclease, centrifuged, and resus- 
pended in the presence of thymus DNA, as previously described. Half the nuclei 
were placed in a nitrogen atmosphere; the other half remained in air. After 30 
minutes of incubation at 38°, the nuclei were centrifuged down and the nucleotides 
extracted in cold 2 per cent HCIO,. The results of the chromatographic analysis 
are summarized in Table 5. It is clear that oxygen must be present if DNA is to 
restore ATP synthesis and that a DNA supplement under anaerobic conditions has 
a very small effect indeed. 

Thus the evidence so far obtained suggests a definite linkage between poly- 
nucleotides and the aerobic synthesis of ATP. It is likely, on the basis of the close 
correlation between amino acid incorporation into nuclear proteins and nuclear 
oxidative phosphorylation, that all the diverse polynucleotides which stimulate 
the former process also stimulate the latter, and that amino acid uptake is, in fact, 
a manifestation that nuclei can synthesize ATP. However, it should be pointed 
out that ATP synthesis can occur without a concomitant uptake of amino acids 
into nuclear proteins. For example, ATP appears at temperatures far below 
those necessary for amino acid incorporation, and its synthesis, unlike that of 
protein, does not require the addition of a sodium supplement to the medium. 

The relationship between ATP, polynucleotides, and protein synthesis which 
is so readily apparent in experiments on the isolated nucleus can also be discerned, 
in part, in cycloplasmic systems. Indeed, the roles of ATP in amino acid activa- 
tion’? and of RNA in amino acid incorporation’? were first observed in studies of 
cytoplasmic fractions. But isolated cytoplasmic systems have, as yet, given no 
definite indications that RNA mediates ATP synthesis. On the contrary, amino 
acid incorporaticn into microsomal proteins in vitro requires the addition of either 
ATP* or an independent ATP-synthesizing system, such as the mitochondrion. '4 
It is possible that the preparation of the microsomal fraction destroys the organ- 
ization necessary for autonomous ATP synthesis. 

A number of observations reported in the literature also suggest a direct linkage 
between the nucleic acids and the energy-yielding systems of the cell. For ex- 
ample, it was shown by Munro and co-workers'* that the rate of RNA synthesis 
in the liver, as measured by P* incorporation, depends upon the energy intake. 
Also suggestive are experiments of Bresler and Nidzyan” and of Dounce and 
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Kay,'® showing an enzymatically catalyzed transfer of phosphorus from ATP to 
RNA in systems in vitro. More direct evidence for a role of polynucleotides in 
oxidative phosphorylation has recently been presented by Pinchot,'!® who found that 
the heat-stable factor required for phosphorylation coupled to DPNH oxidation in 
extracts of Alkaligenes faecalis was probably a polynucleotide of the RNA type. 

All these observations fit into a pattern which suggests a special role of ribonucleic 
acids in the energy-yielding reactions of the cell. Experiments on the thymus nucleus 
have enlarged and extended the pattern to include deoxyribonucleic acids and much 
smaller polynucleotides as ‘‘cofactors” in ATP synthesis. Even polyadenylic acid 
seems to meet the structural requirements for a role in this process, a finding which 
suggests that it is the internucleotide linkage rather than the base composition 
which determines the activity of the polynucleotide. 

We conclude, therefore, that one function of polynucleotides, including both 
ribo- and deoxyribonucleic acids, is to mediate the synthesis of adenosine triphos- 
phate. Their role in this process would localize the ATP at the site of protein 
synthesis, where it is needed for amino acid activation. It is now widely accepted 
that the nucleic acids also determine the specificity of protein synthetic reactions. 
Their role in ATP synthesis thus offers another example, now on the molecular 
level, of the highly integrated functional organization so characteristic of biological 
systems. 

The fact that small, relatively simple polynucleotides can function in ATP syn- 
thesis is also of interest from the evolutionary point of view. It may be that 
this was the original role of the polynucleotide structure and that the evolution of 
the cell brought with it a parallel molecular evolution in which these nonspecific 


polysaccharide molecules were gradually branched and modified to take on a new 
complexity and assume a new function: a role in the transmission of hereditary 


specificity. 

A final point about nuclear ATP synthesis deals with the effect of the benzimid- 
azole riboside, DRB. It was pointed out previously* that this compound blocks 
RNA synthesis whenever it is added to suspensions of isolated nuclei. On the 
other hand, it will inhibit protein synthesis only if it is present at the outset of the 
experiment. These findings suggested that the synthesis of some of the protein 
in the nucleus required a prior synthesis of ribonucleic acid. Another possibility, 
not tested at that time, is that DRB might inhibit ATP synthesis and thus interfere 
with amino acid uptake by preventing amino acid activation. This possibility 
has now been tested and found untenable. The addition of DRB to nuclear suspen- 
sions has no effect on their capacity to synthesize ATP. Thus the theory that 
RNA synthesis precedes that of nuclear protein still offers the most plausible ex- 
planation for the DRB effects and for the time “lag” in amino acid incorporation 


experiments. 


EXPERIMENTAL 


Preparation of Nuclei.—Calf thymus nuclei were prepared as previously de- 
scribed’ and suspended in 0.25 M sucrose-0.003 M CaCl, solution at concentrations 
ranging between 30 and 50 mg. of nuclei (dry weight) per milliliter of suspension. 

Incubation Procedure.—The incubation medium, the procedure used for treating 
the nuclei with deoxyribonuclease, and the details of adding a nucleic acid supple- 
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ment have all been described.* For experiments on ATP synthesis the scale 
of operations was increased eightfold. Experiments grouped together in Table 5 
were performed in parallel, using 8 mJ. of a uniform nuclear suspension for each. 
In all cases the ATP was extracted from the nuclei after 30 minutes of incubation 
at 38°. 

Preparation of Nucleotides.— After incubation the nuclear suspensions were cen- 
trifuged in the cold at 7,000 g for 10 minutes. All subsequent operations were 
performed at 2°. The sediments were resuspended in an equal volume of 4 per cent 
HClO, and then brought to a volume of 7-8 ml. with 2 per cent HClO,. The sus- 
pensions were recentrifuged at 7,000 g for 10 minutes, and the supernates carefully 
decanted. The nuclei were washed once in the centrifuge with 2 ml. of 2 per cent 
HCIO,. The washings and supernates were combined and adjusted to pH 7 with 
KOH. The precipitated KCIO, was removed by centrifugation, and the supernates 
placed on Dowex-1 (formate) columns. 

Chromatographic Fractionation of Nucleotides ——The ‘formic acid system,” 
using Dowex-1 (formate) columns, as described by Hurlbert et al.,° was employed 
throughout this investigation. The elution system was modified for speed in de- 
termining ATP, sacrificing resolution of the mononucleotides, which emerge from 
the column together with DNA breakdown products. The method permits the 
fractionation of relatively small amounts of nucleotides. A 1.0 X 15-cm. column 
was connected to a 50-ml. mixing flask and a 250-ml. reservoir. After adsorption 
of the nucleotides, elution was begun with 90 ml. of 4 N formic acid. Six-milliliter 
fractions of effluent were collected at 20-minute intervals. This was followed by 
130 ml). of 0.2 1 ammonium formate in 4 N formic acid, collecting 3.0-ml. fractions 
every 20 minutes. Two hundred milliliters of 0.4 7 ammonium formate in 4 NV 
formic acid were next added to the reservoir, and 6.0-ml. fractions were collected 
at 20-minute intervals. The optical density at 260 my was measured for all tubes. 

The position of the ATP peak was checked by running similar columns with 
a 1.0-mg. ATP supplement added to serve as a “marker.”” The position of the 
ATP peak in the elution diagram was very reproducible in successive experiments. 
Recovery studies showed that more than 92 per cent of an ATP supplement can 
be recovered from the column under these elution conditions. 

SUMMARY 

Isolated cell nuclei deprived of their deoxyribonucleic acid lose their capacity 
to synthesize adenosine triphosphate. This capacity can be restored to them by 
the addition of a polynucleotide supplement, provided that oxygen is present. 
Both DNA and RNA can function in this way. 

The role of polynucleotides as “cofactors” for ATP synthesis is discussed in con- 
nection with their role in the formation of cell proteins. 


It is a pleasure to acknowledge our indebtedness to Mr. Rudolf Meudt for his 
technical assistance throughout the investigation. 
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TRANSMISSIBLE VARIATIONS IN THE CYTOPLASM 
WITHIN SPECIES OF HIGHER PLANTS* 
By Dona.p F. Jones, Harry T. Srinson, Jr., AND UHENG KHoo 
CONNECTICUT AGRICULTURAL EXPERIMENT STATION, NEW HAVEN, CONNECTICUT 


Communicated May 3, 1957 


The visible transmissible differences in all organisms within the species are 
mainly the result of alteration in the genes by mutation and recombination. 


That variations may also occur in the cytoplasm and cytoplasmic inclusions out- 
side the nucleus is now becoming more apparent in higher plants and animals as 
well as in micro-organisms. Changes in the cytoplasm affect vital physiological 
processes and seldom result, in visible alterations, because the organisms fail to 
live or the differences are so slight as to escape detection. The characters that are 
available for study are usually chlorophyll alteration and germ-cell abortion. All 
these variations are also controlled by gene changes and, partly for this reason, 
have seldom been recognized as cytoplasmic variations. The essential difference 
between gene-controlled and cytoplasmic-controlled characters is in their trans- 
mission from one generation to the next. Gene-controlled characters segregate 
and are transmitted by both parents. Cytoplasmic-controlled characters show 
only maternal inheritance in appropriate genotypes. 

Abortion resulting from cytoplasmic alteration probably occurs in female as 
well as in male germ cells; but, since female germ-cell abortion cannot be trans- 
mitted, it cannot be identified easily. Abortion of male germ cells in the higher 
plants is easily seen, as it can be transmitted from generation to generation in- 
definitely. In both gene and cytoplasmic pollen abortion, microsporogenesis is 
usually normal. 

In cytoplasmic pollen-sterile maize, microsporogenesis has been normal in all 
plants examined. Young microspores immediately after release from the spore 
quartet are indistinguishable in fertile and sterile plants. The first indication of a 
visible difference is an inhibition in the development of the microspore wall and 
germ pore. The cytoplasm of the degenerating microspores differs from normal in 
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a more ordered alignment of cytoplasmic inclusions and a more vacuolate condition 
at comparable stages of development. Sterile anthers may have smaller micro- 
sporocytes in early stages of development. At maturity the aborted pollen grains 
are in most cases small, more or less transparent bodies which are devoid of starch. 

Anthers of normal and pollen-aborted plants, with the T type of sterile cytoplasm, 
may be distinguished by differences in their free amino acid content as shown by 
paper chromatography. Anthers of normal and sterile types are identical through- 
out meiosis. At the quartet stage, sterile anthers always begin to show an ac- 
cumulation of alanine. The amount of this amino acid increases during the stages 
of microspore development, eventually reaching a two- to three-fold increase over 
the alanine content of normal anthers. Normal anthers also ultimately accumulate 
free alanine, but only at later stages. This precocious accumulation of alanine 
appears before any visible differences in sporogenous tissue are observed. This 
amino acid difference does not occur in sterile plants of other sources of cytoplasm 
that have been shown to differ in their breeding behavior. Thus the chromato- 
graphic studies offer additional evidence that different sources of sterile cytoplasm 
are not identical. 

At later stages of microspore development another ninhydrin-positive substance 
builds up in T-sterile anthers in excess of the amount in fertile anthers. At late 
stages of pollen development, other differences have been observed in the relative 
contents of proline and asparagine. Proline is virtually absent in T-sterile but 
present in fertile anthers. Asparagine is present in greater amount in sterile 
anthers. 

Anthers from fertile plants restored by a dominant gene in the heterozygous 
condition are chromatographically identical with anthers of the normal fertile 
hybrid of the same genotypes. Segregating sterile plants, without the dominant 
gene, show the same amino acid pattern typical of sterile anthers. ‘Tus there is 
no permanent change in the cytoplasm. 

The mecnanism which brings about pollen abortion in plants with sterile eyto- 
plasm is largely unknown. An important question arises: Is it initiated in sporo- 
phytic or in gametophytic tissue? Gabelman! advanced a particle hypothesis 
which assumed a gametophytic action. This particle is supposed to divide regularly 
and is distributed to all daughter cells during mitosis but does not divide and is 
distributed at random at meiosis. One or more particles in a microspore result in 
abortion. Microspores which fail by chance to receive a particle at meiosis develop 
into functional pollen grains. Although present in sporophytic cells and tissues, 
this hypothetical particle exerts its effect only in the developing gametophyte. 

No cytoplasmic inclusions perculiar to sterile maize have been found with the 
usual staining techniques and with the light microscope. However, Rhoades,? 
in reporting the first case of cytoplasmic pollen abortion in maize, noted differences 
in size, shape, and number of certain cytoplasmic elements in microspores from 
normal and sterile plants. This source of sterile cytoplasm has been lost, and 
these differences have not been confirmed in other material. 

In other plants some of the effects of sterile cytoplasm precede meiosis. In 
Nicotiana*® and Streptocarpus* the flowers of the sterile plant are very much altered. 
In Allium® and Beta® striking alterations in the tapetum have been reported. 
This evidence indicates that the cytoplasmic effect is initiated in sporophytic 
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tissue and is subject to modification and regulation by dominant and recessive 
genes carried in the chromosomes. 

This interaction of nuclear genes and cytoplasm is specific, since other characters 
in pollen-aborted plants are unaffected. The question of the time, place, and 
nature of this interaction in maize is no less puzzling than any question of differ- 
entiation, where the problem always exists of understanding how cells presumably 
endowed with identical genetic complements come to assume different physiological 
and morphological aspects. 

The behavior of sterile plants restored to fertility has a bearing on the time and 
place of the plasmon-genom interaction. The behavior of plants with sterile 
cytoplasm and heterozygous for a single pair of major restorer genes strongly 
suggests that some event occurring in sporophytic tissues is responsible for the 
return of normal pollen production. If the event took place in the haploid gameto- 
phyte, such heterozygous plants would not be expected to produce more than 50 
per cent of normal pollen, since all the microspores would possess sterile cytoplasm 
but only one-half would contain the restorer gene. Plants heterozygous for a 
pair of restorer genes have in many cases been restored to normal pollen production. 
This clearly indicates that restorer genes must express themselves in the sporo- 


phyte. 

Since the free amino acid content of restored sterile anthers is the same as in 
normal plants without the sterile cytoplasm, the restorer genes apparently do not 
set up alternative pathways but rather remove or suppress the effects of sterile 
cytoplasm and allow normal development. This situation in maize is interesting 
in light of the finding in Neurospora’ that the gene which gives a return to normal 


growth in strains with poky cytoplasm does not restore to normal the cytochrome 
system. 

This cytoplasm that conditions pollen abortion in maize can be transferred to 
different genotypes by crossing and backcrossing, always using the sterile plants as 
the female parent. Some varieties and inbred strains carry genes that can restore 
pollen production partially, and a few have the ability to restore completely normal 
pollen production. By selecting individual plants for the absence of these pollen- 
restoring genes, pollen abortion can be propagated indefinitely to all the progeny. 
At least this has been done for twelve generations, and very large populations have 
been grown in the commercial production of hybrid corn without detasseling.* 

The relatively few varieties and inbreds that can restore pollen production 
completely have no visible characteristics by which they can be identified. They 
are all good pollen producers having large staminate inflorescences and well-filled 
anthers but do not differ appreciably in these respects from other types that do 
not restore. Pollen restoration has been shown to be due to one or more dominant 
genes. 

The evidence shows that there are at least two major genes and several modifying 
genes.°~'! In some combinations they act as duplicate genes and in other combi- 
nations as complementary genes. They are subject to environmental modification 
by variation in humidity, day length, soil fertility, and possibly other factors. It 
has been shown that under favorable conditions one restoring gene is sufficient to 
differentiate between normal and aborted pollen production. In a season of low 
rainfa]] and high temperatures two or more genes are necessary. 
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These pollen-restoring genes are not the same genes that control genic pollen 
abortion. One of these cytoplasmic restorer genes has been located'? on chromo- 
some 3. Restored sterile plants have been propagated by self-fertilization for 
several generations and have remained completely fertile. By crossing with non- 
restoring plants, recessive for the pollen-restoring genes, it is possible to recover 
cytoplasmic-sterile individuals. Thus the sterile cytoplasm and the _pollen- 
restoring genes apparently have no ability to modify each other. 

It was soon discovered that the pollen-restoring genes effective on sterile plants 
of one source do not restore plants of a different source. This is evidence that 
differences exist in the sterile cytoplasm itself. Again, there are no external 
differences by which these different aberrant cytoplasms can be catalogued. 

Twelve different sources of cytoplasmic pollen abortion are in process of trans- 
ference to the same genotypes for further study. Two of these sources have been 
shown to be different by their reaction to pollen-restoring genotypes and in amino 
acid content. For example, inbred A will restore pollen production to one source 
but not to the other. Conversely, inbred B will restore the second but not the 
first. 

A few inbreds have the ability to restore completely all sources of cytoplasmic 
sterility with which they have been tested. Inbreds that have been converted to 
restorers by crossing and backcrossing onto T-sterile versions of the inbred have 
been tested by crossing on the same genotypes sterilized by other sources, and they 
may fail to restore. In the process of backcrossing, the genes capable of restoring 
one or the other source have been segregated out and lost. 

Similar differences have been noted in many species in a number of families of 
the higher plants. In some cases there is an alteration in floral structures or in 
chlorophyll production, as well as pollen abortion. Presumably these differences 
in the cytoplasm arise by a process analogous to gene mutation. In whatever way 
they originate, they are remarkably stable and persistent. There is some evidence 
that differences of this kind are associated with speciation. Mazoti'* has found 
that the gene iojap that produces abnormal chlorophyll in maize cytoplasm does 
not have this effect in teosinte cytoplasm. Many other genes for chlorophyll 
degeneration are expressed in both types. Differences in maturity and productive- 
ness are also associated with differences in maize and teosinte cytoplasm. 

In a number of cases pollen abortion has resulted from interspecific hybridization 
where the genom of one species is transplanted by backcrossing to the cytoplasm 
of the other. Evidence for this has been supplied by the genera Cirstum,'* Linum,” 
Epilobium,'* Oenothera," Nicotiana,'* and Sorghum.'® Obviously the genom and 
plasmon have evolved together. When rearranged by hybridization, the genes 
of one type may not function properly in the altered cytoplasm of the other type. 

Occasionelly individual plants in inbred and crossbred families revert to partial 
pollen fertility. Most of these revisions can be shown to be due to outcrossing 
which brings in other genotypes carrying partial restoring genes. In a few cases 
that have been studied carefully, where outcrossing can be ruled out, the change is 
not due to gene mutation. Therefore, a change in the cytoplasm itself is indicated. 
This could be a change analogous to gene mutation or a transfer of normal cyto- 
plasm with the male germ cell. There is some evidence that such a transfer does 
take place in other plants such as Oenothera and Epilobium (see review by Caspari”). 
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Presumably only a small amount can be transferred at any one time, and this 
small amount can have little effect upon the relatively large contribution from the 
female parent. If there is some way in which this cytoplasm can increase in 
amount and retain its individuality, it could eventually bring about partial or 
complete pollen production. There is evidence for this in Oenothera. 
Summary.—Transmissible variations in the cytoplasm of maize and other green 
plants occur and persist indefinitely in combination with different genotypes. 
Cytoplasmic differences are usually expressed in vital processes such as germ-cell 
formation and chlorophyll production but are also visible in morphological charac- 
ters. Several cytoplasmic conditions which affect pollen production have been 
identified in maize. Three of these cytoplasmic conditions, designated ‘“‘normal,”’ 
“S,” and “T”’ types, have been shown to be different in their responses to given 
genotypes and in their effect on the free amino acid content of anthers at certain 
stages of development. Their expression is subject to genic control, but the 
cytoplasmic condition is not permanently altered by the genic environment. 
Cytoplasmic pollen abortion in maize may be accompanied by a precocious accu- 
mulation of alanine and other amino acids, as shown by chromatographic studies. 


*This study was aided by a grant from the Rockefeller Foundation. 
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FREE AMINO ACID DIFFERENCES BETWEEN CYTOPLASMIC MALE 
STERILE AND NORMAL FERTILE ANTHERS* 


By UnEnG Kuoo anp Harry T. Stinson, Jr. 
CONNECTICUT AGRICULTURAL EXPERIMENT STATION, NEW HAVEN, CONNECTICUT 
Communicated by D. F. Jones, May 3, 1957 


Cytoplasmically inherited male sterility in maize was first described by Rhoades,' 
who showed that the pollen sterility was inherited independently of chromosomal 
genes and was transmitted only through the ovules. More recently other sources 
of cytoplasmic male sterility in maize have been found? which behave in a manner 
similar to that reported by Rhoades. 

Although much is known about both the hereditary behavior and the commercial 
utilization of cytoplasmic sterility in maize, relatively little is known concerning the 
mechanism by which pollen abortion is brought about. The present investigation 
was undertaken in an attempt to study the latter phase of the problem. Findings 
relative to certain differences between the anthers of male sterile and male fertile 
plants as revealed by the method of paper chromatography are reported. 

Both greenhouse and field material were used, although most of the work was done 
on plants grown under glass during spring. The lines of corn used were the inbred 
C106 and its T sterile counterpart of eight backcross generations derived by the 
paired-progeny selection method described by Jones and Mangelsdorf.? These 
lines were crossed with the inbred A158, to yield a uniform, vigorous hybrid suited 
to greenhouse culture. Anthers in various stages of development were obtained by 
cutting into fertile and male sterile corn plants and removing portions of the tassels. 
Since the three anthers of each flower in the spikelet develop synchronously, one 
anther from each flower could be fixed, stained, and the stage of its sporogenous 
tissue determined, and the remaining anthers saved for chromatographic analysis. 
The following classification of the sporogenous tissue was used: premeiotic; pro- 
phase: metaphase I-anaphase I(MI-AI); telophase I-telophase II(TI-TII); 
young spore quartets; old spore quartets—young microspores (Old Q.—Y. Micro.) ; 
old microspores; pollen grains (4-5 days prior to anthesis in the fertile plants). 

In the development of the anthers of the normal fertile (C106 * A158) and cyto- 
plasmic sterile (C106T8 X A158) plants, no morphological or cytological differences 
could be detected in the two lines up to and including the young microspore stage. 
Meiosis appeared to be normal in the sterile anthers. Beyond the young microspore 
stage, however, similar stages could not be obtained in fertile and sterile anthers, 
since there was no parallel morphological development. While the microspores of 
normal fertile anthers increase greatly in size and develop heavy walls and a 
definite pore, those of the sterile plant, after an initial enlargement, are arrested in 
development; wall thickening is limited, only a faint pore develops, and the cell 
contents are more coarsely granular. Several days before anthesis, fertile anthers 
are large (approximately 50 per cent longer and 4-5 times the weight of sterile 
anthers, on a dry-weight basis) and filled with heavy-walled, binucleate pollen 
grains plump with starch, whereas sterile anthers are small, somewhat papery, and 
contain shriveled, thin-walled pollen grains with shrunken cytoplasms and no de- 
tectable starch. Another indication of the onset and course of degeneration is the 
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average dry weight of anthers in fertile and sterile plants at the various stages of 
development, as shown in Figure 2. 

Anther material was applied on the paper either as direct squashes or as protein- 
free extracts. In the preliminary work, the chromatographic procedure followed was 
essentially that reported by Buzzatti-Traverso.* Two to five anthers in the same 
stage of development were crushed directly on paper with a small glass pestle, the 
spot being confined to 4 mm. in diameter. For later work, the anthers were dried 
in a 65° C. oven and weighed, then extracted after the method of Dent.‘ Samples of 
20 or more young anthers (with a dry weight of 1-3 mg., depending upon the stage) 
were extracted in specially made glass homogenizers of 1-ml. capacity. The vacuum- 
dried extract was subsequently dissolved in a volume of water 20 times the weight of 
the sample and 6 lambda amounts (equivalent to 0.3 mg. dry weight) spotted on 
Whatman No. 1 paper for each chromatogram. Anthers or extracts of anthers in the 
same stages of development from fertile and sterile plants were always applied side 
by side, and known amino acids were included in every run for comparison. 

Several solvent systems were investigated empirically. The butanol-distilled 
water-glacial acetic acid mixture (4:5:1) reported by Buzzatti-Traverso® as most 
satisfactory for tomato and squash also proved the most suitable for maize. The 
descending-flow method was used, and the papers were developed for 20 hours 
(Whatman 3 MM) or 45-72 hours (Whatman No. 1) in specially built chromato- 
graphic chambers at a temperature of 26°-28° C. Under these conditions, Rf values 
were not obtainable, but good separation of the ninhydrin-positive components re- 
sulted. After thorough drying, the developed papers were sprayed with 0.4 per 
cent ninhydrin dissolved in ethanol, air-dried, heated in a 60° C. oven for 15 minutes, 
and examined both immediately. and after standing in a dark room overnight. 
The method of Wyatt et al.5 for two-dimensional chromatograms was used in the 
identification of one of the unknown ninhydrin-positive spots. Six-inch squares of 
Whatman No. | papers were developed by ascending flow, first in solvent I, consist- 
ing of tertiary butyl alcohol, methyl ethyl ketone, concentrated ammonia, and 
water (10:10:3:5), for 5 hours, followed by 3 hours in solvent II, a mixture of 
methyl alcohol, pyridine, and water (20:1:5). For the quantitative determination 
of alanine accumulation in the development of anthers, the technique adopted was 
that of Giri, described by Block et al.* 

Generally, no chromatographic differences, either qualitative or quantitative, 
could be detected visually between fertile and sterile anthers in the early stages of 
microsporogenesis (meiosis I through anaphase II). With the formation of spore 
quartets, however, a definite difference was evident (Fig. 1). The chromatograms of 
sterile anthers had a very distinct purple spot (designated as X) which was either 
lacking or very faint in chromatograms of fertile anthers. Spot X moved ap- 
proximately 10 cm. from the origin on Whatman 3 MM paper developed for 20 hours. 

Chromatograms of sterile and fertile anthers in stages following quartet formation 
were more markedly different. The disparity in the quantity of X became more 
pronounced as the age of the anther advanced through the old-microspore stage. 
At the pollen-grain stage of anther development, however, fertile and sterile anthers 
were visually essentially identical at spot X. Sterile anthers with old microspores 
also had two other ninhydrin-positive spots which were absent or much less intense 
in chromatograms of normal anthers. One spot was identified as asparagine by its 
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characteristic color and position, while the other, distal to X and designated as Y, 
has not been identified. At still later stages (4-5 days prior to anthesis in the 
normal plant and later), in addition to the above-mentioned differences, large 
quantities of proline were characteristic of normal anthers but not detectable in 
sterile ones. This accumulation of asparagine, together with a lack of proline, has 
been noted by Fukasawa’ in both a male sterile maize and a Triticum durum X 
Aegilops ovata hybrid. He also reported that there were no other chromatographic 
differences in his material. 


f- fertile 


s- sterile 


Proline 


X (Alanine) 


Asporagine 





F 
Prophose Young Old Q- Old Pollen 
Quortets Y. Micro Microspores Grains 


Fic. 1.—Tracings of chromatograms of fertile and sterile anthers. 


The precocious accumulation of X in sterile anthers was of particular interest be- 
cause it preceded any detectable morphological differences. Since the position of 
X on the chromatogram was identical with that of alpha-alanine, identitication be- 
gan with that clue in mind. Alcoholic extracts of sterile anthers in the old-mico- 
spore and later stages were obtained in quantity and spotted closely on Whatman 
No. 1 paper. After separation by the butanol—acetic acid—water system for 72 
hours, X was eluted with water and the eluate evaporated to dryness. A portion of 
the residue was tested for its stability to acid hydrolysis by heating with 6 N HClin 
a sealed tube at a temperature of 105°-110° C. for 24hours. The hydrolyzate, after 
having been evaporated to dryness over NaOH pellets in a desiccator, was chro- 
matogramed with and without “marker’’ amino acids and the unhydrolyzed eluate. 
using the method of Wyatt described above. X proved to be a simple amino acid, 
stable to hydrolysis, and it was positively identified as alpha-alanine. 

The quantitative pattern of alanine accumulation in sterile and fertile anthers 
was next traced. Papers were developed for 72 hours, and the amount of alanine in 
each chromatogram was determined by Giri’s method. 

Results obtained from samplings at different times showed the general pattern of 
alanine accumulation to be unchanged in all cases, that is, there was a consistent 
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Fig, 2.—Alanine content per anther in various stages of development. Numbers above column 
represent average dry weights of single anthers. 
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Fic. 3.—Alanine content per 100 yg. of anther material (dry weight) in various stages of develop- 
ment. 
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accumulation of alanine in sterile anthers beginning in the quartet stage and 
increasing in the microspore stages of development. However, results were some- 
what variable as to alanine level in anthers grown at different times, and the mag- 
nitude of alanine increase in sterile anthers also varied, from twofold to fourfold. 

Summaries of the quantitative studies, expressed two ways, are shown graphi- 
cally in Figures 2 and 3. In Figure 2 the comparisons are based on the amounts of 
alanine present per anther. As was evident from visual comparison of the chro- 
matograms, it is to be noted that free alanine also increases in amount in normal 
anthers, but the accumulation begins later and takes place at a slower rate than in 
sterile anthers. Alanine accumulation in sterile anthers, therefore, occurs preco- 
ciously. At maturity fertile anthers contain more alanine than sterile ones. This is 
not surprising, since the dry weight of mature anthers is at least four times that of 
sterile anthers of comparable age. 

In Figure 3 the same results are expressed on the basis of the amount of alanine 
present per 0.1-mg. sample of dry anther. Expressed in this manner, the differences 
in alanine content between sterile and fertile anthers are even more pronounced, 
sterile anthers showing a higher concentration at all stages of development. The 
increases in alanine concentration in normal anthers with maturity are relatively 
small, but there is a definite increase. Normal pollen grains, for example, contain 
about twice the amount of alanine present in normal quartets. On either basis of 
comparison, it is apparent that accumulation of relatively large amounts of alanine 
is not confined to deteriorating anthers alone, but there are differences with respect 
to the onset and rate of accumulation in the two kinds of anthers. 

The chromatographic studies have been extended to certain other material, where 
it has been found that the precocious alanine development is confined to lines of corn 
with the T type of cytoplasmic sterility; the A, B, and 8 types are unaffected. 
What significance, if any, this phenomenon has is not known at the present time. 
Further work is indicated and is in progress. 

* This work was aided by a grant from the Rockefeller Foundation. 
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Introduction.—It has long been known that male mice exposed to an acute 
X-ray dose of a few hundred roentgens remain fertile for a period of from four to 
six weeks. After a period of sterility, fertility returns and is maintained. The 
temporary sterility is due to depletion of spermatogonia, which are especially 
sensitive to killing by radiation.' Fertility returns after adequate repopulation of 
spermatogonia has occurred. Matings made during the presterile period utilize 
germ cells that were already in postspermatogonial stages at the time of irradiation. 
Matings made after the sterile period utilize germ cells that were in the spermato- 
gonial stage at the time of irradiation. The genetic effects of irradiation in these 
two stages, spermatogonial and postspermatogonial, can, therefore, be measured 
separately by using the sterile period as an indication for the separation. For 
example, Russell? used the sterile period in this way in the determination of X-ray- 
induced mutation rates in spermatogonia of the mouse. 

Do irradiated Drosophila males show a similar sterile period which could be 
used as a reliable sign that the sperm used in matings made after this period were 
spermatogonia at the time of irradiation? In her determinations of spermatogonial 
mutation rates in Drosophila, Alexander’ felt that, at the time when her experiments 
were made, there was no sure way of telling which type of spermatogenic cells 
were being tested when the male had been irradiated as an adult. To insure that 
only spermatogonia were being tested, she therefore irradiated larvae at a stage 
when the testis contained nothing but spermatogonia. The dose had to be limited 
to 900 r in order to avoid killing the larvae. 

Auerbach,‘ on the other hand, concluded that it was possible to determine 
mutation rates in spermatogonia from irradiated adult Drosophila. In experiments 
designed primarily to study the mutagenic effects of X-rays upon the late stages of 
spermatogenesis, she found that, at a certain interval after irradiation, Drosophila 
males showed a period of low fertility, and that, after this period, fertility was 
regained. Other investigators had found the same effect, and one interpretation 
has been that the low fertility is due to a high incidence of dominant lethality. 
Some of the earlier part of the period of reduced fertility is undoubtedly due to 
this factor, but Auerbach examined the reproductive tracts of females that had 
been mated to irradiated males during the period of lowest fertility of the males, 
and she found little or no sperm present. She therefore concluded that the low 
fertility during that period was due to lack of sperm rather than to the loss of 
embryos from dominant lethality. When the males had regained their fertility, 
Auerbach obtained some clusters of identical or complementary crossovers. From 
this observation she concluded that the period of temporary sterility could be 
used to separate the results of irradiated gonia from those of cells irradiated at a 
later spermatogenic stage. 
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As additional evidence for this conclusion, Auerbach called attention to some 
findings of Friesen’ which are apparently not well known. Friesen had observed 
a period of temporary sterility after irradiating adult Drosophila males with various 
doses of X-rays. Even a dose as small as 1,000 r led to a clear-cut period of low 
fertility. On the basis of experiments on induced crossing over, Friesen concluded 
that the sperm sampled after the return of fertility were derived from cells which 
had been irradiated as spermatogonia. He then offered histological evidence that 
the young primary spermatocytes and some spermatogonia were destroyed by the 
irradiation, indicating that the period of temporary sterility is due to a deletion of a 
portion of the spermatogenic cycle. 

In contrast to the histological findings of Friesen is the report by Fritz-Niggli® 
that Drosophila spermatocytes and spermatogonia are resistant to X-rays. Thus, 
although the irradiated males observed by Fritz-Niggli showed a period of low 
fertility comparable to that found by Auerbach and others, Fritz-Niggli does not 
attribute it to the destruction of young primary spermatocytes and spermatogonia. 

It was apparent that further clarification of the problem was needed. The 
present investigation has attempted to provide this by checking the validity of the 
conclusions of Auerbach and Friesen. The check was made by a more extensive 
study of the histology of the irradiated testis at frequent intervals after irradiation 
with various doses of X-rays. 

The present work also explored another point. It was anticipated that if 
Auerbach and Friesen were correct in supposing that spermatogonial mutations 
could be obtained by irradiating adults, then there was a possibility that induced 
mutation rates in spermatogonia could be obtained not only at dosages higher than 
those possible with larvae, but perhaps at dosages higher than those practicable for 
the determination of mutation rates in sperm. In the irradiation of sperm, an 
upper limit is set by the high frequency with which major chromosomal aberrations 
are induced. Sperm derived from irradiated spermatogonia, however, are essen- 
tially free of such aberrations. It was, of course, expected that there would still 
be an upper practicable limit to the dosage possible, because of the induction of 
permanent sterility. The present work explored the dose level at which this 
occurs. Other possible complications arising with the use of high dosages are 
discussed later. 

Methods and Results.—Four experiments were performed, in which males were 
given 9,867, 8,052, 4,000, or 1,000 r of X-rays. After treatment, the males were 
mated and kept in cultures maintained at 25° C. A given number of hours after 
irradiation, a sample of from three to five males was withdrawn from the cultures. 
The males were placed in a saline solution, and the testes were removed and im- 
mediately transferred to a large drop of aceto-orcein stain. They were stained 
for approximately fifteen minutes. A cover slip was placed over the testes, excess 
stain was removed, and the cover slip was sealed to the slide with a paraffin- 
vaseline mixture. These temporary mounts were examined the following day. 
This is a rapid and easy technique which is patterned after one suggested by 
Cooper.’ 

When the condition of an irradiated testis is compared with that of an un- 
irradiated one, the damage caused by X-rays is quite apparent at the dosages used 
here. Although the damage is not easily expressed in quantitative terms, a 
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roughly quantitative summary of the results was prepared as a basis for discussion. 
It should be noted that, although there is some variation between time after 
irradiation and effect, the sequence of changes following a given dose appears to 
be uniform. 

No distinction between secondary spermatogonia and early spermatocytes was 
made in these preparations. However, obvious damage has been observed in the 
region where the synchronous divisions of secondary gonia are seen in unirradiated 
material. Therefore, visible damage in this location is due to the destruction of 
these gonia, and it is probable that some small young spermatocytes are also 
killed. 

In the following descriptions, only cells in the gonial region (spermatogonia and 
young spermatocytes), large primary spermatocytes, and cysts of spermatids 
undergoing spermiogenesis will be used to mark the course of recovery of an ir- 
radiated testis. An experiment in which adult Drosophila males were given a 
dose of 4,000 r of X-rays will be described first. The results of experiments at 
three other dosages will then be compared with the results of the 4,000-r experiment. 

Table 1 represents a brief summary of the results of the 4,000-r experiment. 
Fifty-five hours after the administration of X-rays, the cells in the gonial region 
were greatly reduced in number, but by day 4 repopulation had occurred. This 
region then remained normal throughout the rest of the experiment. 


TABLE 1 


Histo.oaicaL Conpition OF Drosophila TEstTIs AFTER ADMINISTRATION OF 4,000 R 
or X-Rays To ApULT MALEs* 
Days AFTER [RRADIATION-———— 
4 5 6 


Gonial region +++ +44 +44 


Primary sperma- 
tocytes Ft uh 5 ht 3 


Spermiogenic 
cysts +>> + 


9 12 
Gonial region +++ 


Primary sperma- 
tocytes +++ 


Spermiogenic 
cysts 0 4 4. 


* The normal condition of a testis is designated by +++. 


Cells that are large primary spermatocytes at the time of irradiation are not 
killed. However, their number gradually decreases, since they proceed through 
meiosis and are not immediately replaced. By day 4 there are no large primary 
spermatocytes present. By day 5, new spermatocytes have arisen from the re- 
generated cells in the gonial region. These new spermatocytes steadily increase 
in number, until, by days 7 and 8, the irradiated testis actually contains more 
spermatocytes than the control. By day 9 the number has dropped to the control 
value, and remains at the control level until the end of the observation period, on 
day 15. Resumption of meiotic divisions was first observed on day 7. 

Spermiogenic cysts are present from the beginning of the experiment until day 4. 
They decrease in number on day 5, and they are absent from day 6 to day 9. 
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From day 10 to day 12, one observes them infrequently. Thus, it appears that 
spermiogenesis can proceed without the formation of these cysts. By day 15 the 
testis appeared normal in all respects. 

Two experiments were performed at higher dosages. ‘The results can be sum- 
marized briefly as follows: After the administration of 9,867 r, the cellular elements 
in the gonial region of the testis had vanished, in mosts cases, by the third day. 
The large primary spermatocytes followed the course of events outlined above, and 
by day 4 none was present. There were a few cases of attempted regeneration 
over the 4-7-day period, followed by a final deterioration of the regenerated ele- 
ments from day 8 to day 11. In an 8,052-r experiment the results were essentially 
the same, except that there were a few cases of regeneration which were not followed 
by deterioration but instead led to complete restoration of the testis. Within the 
sample observed, this condition never involved both testes of the same male. 
Viable offspring were obtained from these males. 

The results from a 1,000-r experiment were similar to those from the 4,000-r 
dose except that the damage was not so marked and was more difficult to assess. 
The number of primary spermatocytes present in the irradiated testis was never 
reduced to zero, and spermiogenic cysts were absent for only two or three days. 

Discussion.—These histological observations are in harmony with the results 
obtained by Friesen,’ except that they indicate that the damage to secondary 
spermatogonia is probably more extensive than Friesen believed. However, 
Friesen did observe some damage to this cell type after 4,000 r when the observa- 
tions were made 48 hours after treatment. The present authors’ observations 
indicate that the damage is more obvious at about 55 hours post-treatment. Friesen 
identified dead young primary spermatocytes 24 hours after irradiation. No such 
identifications were made in this study, but no observations were made until 55 
hours after treatment. Thus it is concluded that X-ray induced degeneration of 
young primary spermatocytes is best observed 24 hours after irradiation, and that 
the destruction of secondary spermatogonia does not become apparent until 24 
hours later. 

It was pointed out earlier that Fritz-Niggli® concluded from her experiments 
that spermatocytes and spermatogonia are resistant to X-rays. The reason for 
the discrepancy between this conclusion and the present observation is clear. 
In Fritz-Niggli’s work the testis was not examined until three days after admin- 
istering 3,000 r, at which time the sensitive cells at the tip of the testis must already 
have been lost and replaced. The conclusion that primary spermatocytes are 
resistant to the killing effects of X-rays is, however, valid for those that are more 
mature, for these cells continue through the meiotic divisions even after 9,867 r of 
X-rays. The observations on spermiogenic cysts become pertinent in this light. 
It seems that these cysts disappear when the last of the cells irradiated as primary 
spermatocytes has gone through spermiogenesis. The significance of the observa- 
tion that spermiogenesis can, for a while following its resumption, take place with- 
out the formation of these characteristic cysts remains obscure for the present. 

These observations add support to the conclusion of Auerbach‘ that mutations 
obtained after the return of fertility occurred in cells that were irradiated as sper- 
matogonia. Furthermore, the detailed histology of the effects of radiation is shown 
to be quite similar to that observed by Oakberg! in the mouse. Therefore, sper- 
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matogonial mutation rates could be obtained in Drosophila in the same way that 
they are obtained in mice.” ; 

Since this appears to be a valid method for obtaining spermatogonial mutation 
rates, it is of interest to compare it with the method of irradiating larvae.* * There 
are two reasons why it might be a more convenient method. (1) It is technically 
easier to irradiate adult males than to irradiate larvae carefully timed for stage in 
development. (2) The method of using larvae is restricted to doses of not more 
than about 900 r of X-rays, because larvae cannot survive doses much larger than 
this. Since adult males live and regain fertility after much greater doses, it seems 
likely that the determination of spermatogonial mutation rates from adult males 
could be carried out at dosages higher than those used with larvae. Although an 
appreciable increase in dosage seems feasible, it is possible that a many-fold 
increase might introduce the following complication. The number of primary 
spermatogonia in the testis of the adult Drosophila male is not large, and, if there is 
appreciable killing of these cells at higher dosages, then the number of surviving 
spermatogonia might be small compared with the number of offspring raised from 
each male in typical experimental work. Although this factor, which would 
result in clusters of mutations, complicates the design of experiments, it is of 
course, of biological interest in itself. 

It should be kept in mind that at higher dosages the mutation rate from irradi- 
ated gonia may, as in the mouse,’ depart from a linear relationship with dose. 
This, again, would be of biological interest. 

In presenting this apparently more efficient method for obtaining radiation- 
induced spermatogonial mutation rates, it is not, of course, implied that induced 
mutation rates in larvae are no longer worth obtaining. It is quite possible that 
the rates in larvae and adults would not be identical, and this possibility should be 
explored. 

Summary.—Histological observations were made on the testes of irradiated 
adult Drosophila males given 9,867, 8,052, 4,000, or 1,000 r of X-rays. Contrary 
to the conclusion of one investigator,® these experiments, combined with the 
sarlier work by Friesen,® indicate that both secondary spermatogonia and young 
spermatocytes are sensitive to the killing effects of X-rays. The destruction of 
these sensitive cells results in a period of temporary sterility following irradiation of 
adult males. Therefore, this sterile period can be relied upon to separate cells 
irradiated as spermatogonia from those irradiated at a later spermatogenic stage. 
It follows that radiation-induced spermatogonial mutations, uncontaminated by 
mutations at later stages in spermatogenesis, can be obtained from irradiated 
adult Drosophila males in much the same way that they have been obtained from 
male mice. 


The authors wish to express their appreciation to Dr. C. W. Edington for his 
assistance during a phase of these experiments. 
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1. IJntroduction.—In a recent paper! we proved that if S is a potent semiring 
in which each two-sided ideal contains a minimal right ideal and a minimal left 
ideal of S, then any right ideal R # (0) contains a multiplicative idempotent. 
The existence of this idempotent now enables us to obtain for a potent semiring a 
theory analogous to the Wedderburn-Artin structure theory of a semisimple ring 
with minimum condition.” 

In this paper we prove that if S is a potent semiring with identity in which each 
two-sided ideal contains a minimum right ideal and a minimum left ideal and S is 
a strong direct sum of minimal right ideals, then S is a strong direct sum of semi- 
rings isomorphic to matrix semirings over division semirings. 

2. Strong Direct Sum.—We shall assume that the semiring S possess a zero 0, in 
the sense of Vandiver and Weaver,’ 0 + s = s+ 0 = s,0+s = s-0 = 0, for all s in 
S. For the sake of completeness, we repeat the definition of a potent semiring given 
elsewhere. ! 

Definition 1: A semiring S is said to be potent if it contains no nonzero nil- 
potent right ideals and no nonzero nilpotent left ideals. 

Definition 2: A semiring S is said to be simple if it contains no proper two-sided 
ideals. 

Lemma |. Jf S is a potent simple semiring and R # (0) a minimal right ideal of S, 


then the mappings p(r) = (*), reR, p eS, and pR # (0), form a division semiring. 


Proof: Let A be the set of all minimal left ideals #(0) of S. Then a former 


lemma! states that S = >> L and hence Sp = >> L. We note that Lp is either 
Lea Lea 


in A or Lp = (0). If SpR = (0), then SpR = SR = (0) and RR = (0), which 


contradicts the potency of S. Therefore, SpR ~ (0). Since Sp = >> L, there 
LeA 


exists an L ¢« A such that LpR # (0). We set L; = Lp. Since L,R # (0), then 
L, ~ (0) and, «A. Since L,R # (0), a former lemma! states that L; n Rie = 
e? ~ (0). Hence eR ¥ (0) and eR = R,er = rforreR. Sinceeel, nN RE 
L, ¢ Sp, thene = sp,s¢eS. Therefore, r = er = spr = 5p(r), where § = (",) and 


3p = 1. If px = py, for z, y e R, then spx = spy, ex = ey, andx = y. Hence 
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p is a one-to-one mapping of R onto itself, which implies that § = j~' and A(r) = 
pr = per = pe(r), where pe eR. 

Definition 3: A semiring S is said to be a weak direct sum S; @ So, where S;, S» 
are subsemirings with zero, if S = S,; + S:and 8, n S, = (0). 

Definition 4: A semiring S is said to be a strong direct sum S, + S2, S;,7 = 1, 2, 
subsemirings with zero, if (1) S = 8S; + Ss, (2) s = 8s + s. = 4, + te implies s; = 
t, and Ss» = ts, (3) s: + s. = 82 + 8, for s; €S;,7 = 1, 2. 

Lemma 2. If S is a semiring with identity and 1 = e, + és, e = e;, ee; = 0, 
e,€S;,t = 1,2, then S = S,; + Se, S; = eS. 

Proof: If s «S, then s = l+s = (e; + e)s = es + es. Hence S = S, + 
Let s = 8 + 8, 8 ¢€S,s;¢S; = eS. We have es = es; + e182 = ereiti + Creole 
et; = 8. Similarly, es = so. This implies the uniqueness of the components. 

Let s; ¢ S;; then s; = e,t;, t: eS. Now e1(82 + 81) = e182 + @18) = e1€oto + 1@it1 = 
eit; = 8. Similarly, eo(s2 + s:) = se. Hence 8; + 82 = (82 + 81) + @2(82 + 8) = 

(e, + €2)(8 + 82) = 82 + &. 

3. Structure Theorems.—Let S be a potent simple semiring, and S = R,; + 

R,+...+ R,, R; i = 1,2,...,n, minimal right ideals. Then the mapping 


rir 7-2, = (*) maps S homomorphically onto a left ideal of the semiring S, of left 


operators 6. The left operators @ are characterized as unique mappings such 


that 0(s; + s2) = 03; + O82, 0(sx) = (0s)x, Ox; = (oe = ody = (0x)). 

LemMa 3. There exist left isomorphisms a; of R, onto R,; (0; = identity isomor- 
phisms of R,). 

Proof: If R,R, = (0), the right annihilator ideal of R;is a two-sided ideal #(0). 
Hence it is S and R,S = (0), R:R; = (0), which contradicts the potency of S. 
Therefore, RR; ¥ (0), and there exists x; « R; such that (0) ¢ 2,R, © R;. Since 
x, is a right ideal and R; is a minimal right ideal #(0), then z;R,; = R; Hence 
(x): induces a left homomorphism o; of R,; onto Rk; There exists y; such 
that y,R; = R,. Therefore, yi = y,R; = Ri. Lemma | implies that (y,,), 
induces an isomorphism on R;. Hence (x;); induces an isomorphism of R; onto R,. 

LemMa 4. Let K be the semiring of all left homomorphisms of R, into Ry; then S; = 
M,, X K (the semiring of matrices over K), 

Proof: Let ex be the left homomorphisms of S into S, that is defined by 
eo( o,) = ot, x; € Ry. We show that ex-e;, = 5;,€i, and > €:: = 1 implies 


j=1 t=1 


that S,; = M, xX K, where K is the semiring of all left homomorphisms of S into S 
permutable with e,, i,k = 1,2,...,n. 
Let x e S,; and ry = ag €;te;,;; then ryxe,, = 3 Cj LCpjCry = CrLCxs. Similarly, 
j=l 
Crelix = Cri®Cys. This implies that ry ¢€ K. New Ges = Y>> CLC = 
Ded eter = x. Conversely, if ye «eK, 2 = Do yuea, then z = DD) epYyylpyee, 
= LL etalns = Le WYnliy = Ya 26; = Yu. Hence S,=M, X K. 
K is ‘the semiring of left homomorphisms of S into S permutable with e,, i, k = 


1,2,...,%. Let k ¢ K, and set r(R)(r;) = R(r;). 7 defines a homomorphism of 
K into K. k— r(k) isa homomorphism of K. Let k ¢ K andk = >> enkesj; then 
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ke,, = ek and ke K. Now r(k) (r)) = Dd enker(r1) = €,k(r;) = k(n). Hence 
r(k) = k, and ris an isomorphism of K onto K. Hence S;& M, X K. 

LemMa 5. K isa division semiring. 

Proof: Ifk «eK, k ¥ Oand R, = eS, e? = e, then k = (k(e)),, when applied to 
R,; for k(ex) = k(eex) = k(e)ex. Lemma | states that for each p « S for which 


pk, © Ri, pR,; ¥ (0), there exists p’ « R such that ( a is the inverse of [> ) 
pry pr) 


Actually K is formed already by the left multiplications of R; with elements of 
R,, since p and ep induce the same mapping of R, into Rj. 

If SS possesses an identity, then S is isomorphic to S;. Thus Lemmas 3-5 yield 
the following structure theorems: 

TuHeorEM 1. Jf S is a potent simple semiring with identity and S is a strong direct 
sum of minimal right ideals, then S is isomorphic to a semiring of matrices over a divi- 
ston semiring. 

THEOREM 2. Jf S is a potent semiring with identity, in which each two-sided ideal 
contains a minimal right ideal and a minimal left ideal, and S is a strong direct sum 
of minimal right ideals, then S is a strong direct sum of semirings which are isomorphic 
to semirings of matrices over division semirings. 

Proof: Since S = R, + a a R,, Ri, i = 1,2,..., n, minimal right ideals, 
we collect all summands which are operator isomorphic. These operator-isomor- 
phic summands form a minimal two-sided ideal. S is a strong direct sum of these 
minimal two-sided ideals, which are simple with identity. Their structure is known 
by Theorem 1. 

We conclude this paper with an example of a matrix semiring over a division 
semiring, in which the modular identity and strong decomposition do not hold. 
Let M, X S = S,, be the matrix semiring of order n, over a division semiring S. 
Let l<i<n, Ey = en tee +... + eu; then e;S, is a minimal right ideal, and 
EinS, = ESn + eis, nvS,. If S is not a division ring, then £,S, is not maximal 
in HisyS,, because, in the case where S is a division semiring for any — ¥ 0 of S, 
we have S + & + S ¢ S. Hence for any element of the form p = @j41 441 + 
y,0 # ye E,S,, we find that £,S, ¢ ES, + pS, ¢ EiaS,. Uf S is the division 
semiring of non-negative real numbers, then there is the infinite descending chain 
formed by the intermediate ideals FS, + (€:41, inn + (1/m)en)S,,m = 1, 2,.... 
Hence the modularity identity is not valid in S,, and no strong decomposability 
exists either. 

* Presented to the American Mathematical Society, December 29, 1956. 
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The present note contains a generalization of the basic approximation theorem 
for semigroups of linear bounded operators on a (B)-space X, Theorem 9.3.4 of 
E. Hille’s treatise! More precisely, we are concerned with an extension of a result 
due to B. Sz.-Nagy.? Our theorem is the following: 

Given a semigroup |T(s)| of bounded linear operators on X, strongly continuous for 
s > 0, and given a family of bounded linear operators B,, 0 < € < 1, such that 


(t) B, commutes with T(s); 
(ii) \lexp (AB) T(to)|| S M(t, t) forO Sh St — by; 
(iit) Bax > Ax when e— 0 + for each x in D(A), where A ts the infinitesimal generator 
of {T(s)] 
Then, for each x « X, 
T(s)x = lim.os exp [(s — a)B,] T(a)x 


Here a> 0,s > a, and the convergence is uniform in s,a is B< ©. 
We base the proof upon the following lemma: 


If 
1 S+n 
x(s, 9) = - { T(t)x dt, 
neds 


exp (hB,) x(s, ) > T(h) x(s, 9) 
as e— 0+, the convergence being uniform inh forO<h<H< ™. 


To prove the lemma, we observe first that 


coo =1()r()-@9) 


Hypothesis (i) then gives 


S <./k 8 
[T(h) — exp (AB) | x (9) = 47 h+ r exp | (n — 1 —k)— 
n 


k=0 


h 
ne 
n 
If \|7'(s) || < N(a, 8) for s « [a, 8], then 


eo) — op (hB,)) x(s, 9 is c| 
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where 
8 8 
'= C(s, H) =HN (; ,st+ H) M (; ri + i), 


It follows that 


T(h) — exp (KB)] 2(6, 9) $ C lim sup | > (7@ ~ exp (B)] x (5: ") 
| 27); 


t—0 + 


Setting 


7 (TO — 1, 


we see that 


[T(t) — exp (tB,)] x ae n }| 4A; — : [exp (tB,) : 
2° "}i || ; 2’ 
B, | 


5 |(4- B) x 5, n)| + ae 
i “ i] 


j"- 


- 
[exp (¢(B) —I] -—B.) =) > (B.)" || s 


i| t | n=2 n! se 
1 hig 
[exp (¢||B,||) — 1] — ||B,)). 
Since the last member of this inequality tends to zero with t, we have 
; 8 8 8 | 
[T(h) — exp (AB,)] x (. : n) C lim sup | A,2 (: ") — Ba (. ; ") |. 
| 2 t—0+ || 2 2 | 


This inequality implies the validity of relation (2), since x(s/2, ») « D(A). 
The theorem can now be proved as follows. We have 


\\T'(s)x — exp [(s — a)B,] T(a)x) S 1(s ~- =f 2( r )s _ (5, ") | 
i Wi | - - 

+ | [T(s — a) — exp [(s — @)B,] x(a, ») | 

+ | exp [(s — a)BJ T (s Ee ( : : n) — 1( ) | 


<= KiiT rs S-- 2 — + T(s — @).— exp [(s a a)B,) x(a, »|, 
| \2 2 | 


- — 


- Fé Q@ a a a 
K -N(S,e-S)+a($,8- +} 


where 
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For a preassigned 6 > 0, there exists a sufficiently small n; such that 


I} a a 6 
mS) #(S.m)]<ae 


Hence 


'T(s)x — exp [(s — a)B,] T(a)z| < . + 


I(7(e — a) — exp [(e — a)BJ 2(a, m0) 


Here the lemma applies, and equation (1) follows. 
If, in particular, B, = A,, then Theorem 9.3.4 follows. 


1 E. Hille, Functional Analysis and Semi-groups (Am. Math. Soe. Coll. Publs.,’’ Vol. 31, [New 
York, 1948]). A second edition, prepared in collaboration with R. S. Phillips, is now in press. 
Theorem 9.3.4 corresponds to Theorem 10.4.2 in the second edition. 

2 F. Riesz and B. Sz.-Nagy, Legons d’analyse fonctionnelle (2d ed.; Budapest: Akadémiai Kiadé, 
1953). The case in which lim 7(s)x = z for each x in X as s ~ 0+ occurs on p. 396 of this 
treatise. 


PROOF OF A THEOREM DISCOVERED BY MURNAGHAN 
By D. Livinestone 
UNIVERSITY OF NATAL, PIETERMARITZBURG 
Communicated by F. D. Murnaghan, April 20, 1957 


In a recent paper! Murnaghan has announced and drawn various conclusions 
from a remarkably simple but instructive relation between certain irreducible 
representations of the syiametric group. We refer to the statement that the 
matrices of the representation |n — r, 1] are given by the rth compound matrices 
of the representation [n — 1,1]. The present note is intended to furnish a proof 
of this result. It will be established by an inductive argument based upon Young’s 
seminormal representation, for which we shall refer the reader, when necessary, 
to the exposition of D. E. Rutherford.? 

The matrices in any representation of the form [n — r, 1"] may be thought of as 
having their rows and columns ordered in such a manner that the corresponding 
standard tableaux have their parts of length 1 in reverse descending order.* We 
use these parts as labels for the rows and columns. It will be assumed that this 
same order is used in the formation of the rth compounds of matrices belonging to 
the [n — 1, 1] representation, and it will be proved that, with this convention, the 
compounds produce the [n — r, 1"] representation in the form described. Now if 
5, denotes the symmetric group on the symbols 1, 2,..., n, and 8,_1 the subgroup 
in which n is fixed, then, as in Theorem 15 of Rutherford,? each element of S,_; is 
mapped in the representation [n — r, 1'] to a matrix of type 
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ol 


where A and B represent, respectively, the matric images of the same element in 
the representations [n — r — 1, 1'] and [n — r, 1"~'] of S,-;. In particular, if 
r = 1, then Bis the 1 X 1 unit matrix, so that the rth compound is, in the ordering 
described, the matrix 
AM” 
| A 1) i 


where A‘” is the rth compound of A. Hence, if the theorem is true for S,_; it is 
true for S,, at least as far as substitutions of S,_; are concerned. Since it is true 
for n = 2, its general validity will be established when we have demonstrated it for 
the inversion (n,n — 1) which, with 8,_;, generates §,. 

The matric image of the inversion (n, nm — 1) in the representation [n — 1, 1] 
consists of a unit matrix of order n — 3 together with a 2 X 2 submatrix V in the 
bottom right-hand corner. The nonzero terms of its rth compound, formed in the 
manner described, will be 

(i) +1 in every position (a, a) where the label a involves neither of the symbols 
nandn — 1. 
(ii) —1 in every position (a, a) where the label a involves both the symbols n and 
n — 1. 
(iii) The submatrix V repeated for every set of positions 


(a, a) (a,8) 
(8, a) (6, 8) 


for which a differs from 6 only in having the symbol n — | in place of n. 


Finally, it is clear that the axial distance‘ from n — 1 to n for every @ in (iii) 
is — (n — 1) for all values of r including r = 1, so that the matrix described is the 
Young seminormal matrix for (n, n — 1) in the representation [nm — r, 1"], and the 
theorem is established. 


1F. D. Murnaghan, ‘On the Generation of the Irreducible Representations of the Symmetric 
Group,” these PROCEEDINGS, 41, 514-515, 1955. 

2D. E. Rutherford, Substitutional Analysis (Edinburgh, 1948). 

3 We refer here to the order described more fully in Rutherford, ibid., p. 24. 

4 Tbid., p. 41. 





THE IDENTITY OF THE WEAK AND STRONG EXTENSIONS OF A 
LINEAR ELLIPTIC DIFFERENTIAL OPERATOR: II 


By M.S. NARASIMHAN 
TATA INSTITUTE OF FUNDAMENTAL RESEARCH, BOMBAY, INDIA 
Communicated by S. Bochner 


1. Ina previous note under the same title’ we proved the identity of the weak 
and strong extensions of certain linear elliptic operators. In this note we prove 
the same result for the most general linear elliptic operator with C” coefficients 
in an arbitrary open subset 2 of R”. We use the same notations as in the previous 
paper. 

We observe that, while the theorem given here includes both the theorems of 
the previous note, the method of proof adopted here does not yield a result which the 
method of proof of Theorem 2 of the previous note does (at least under certain 
restrictions) namely, that Dy is the closure of its restriction to analytic functions 
in its domain if the coefficients are analytic. 

2. Tueorem. Let Q be an arbitrary open subset of R". Let D be an elliptic 
operator in the sense that 

pa, §) = p> Aji. ++ jn (x) £”". ee ig 
nttjin=m 
1s different from zero for each x ¢€ 2 and for every real nonzero vector (&, . . . , &n). 
Then the weak and strong extensions of D, coincide. 

Proof: 

Since Dy is a closed operator in L?, the domain M of Dy is a Hilbert space with 
the scalar product 

((fi, fo) = (fi, foes + (Dfi, Dfo)rs, fi, fo e M. 
We have to show that & n M is dense in M in the topology of M, where & denotes 
the space of C” functions in 2. Evidently the space D of C® functions with com- 
pact support in Qis contained in M. Let H denote the closure of D in M, in the 
topology of M. Then if H+ denotes the orthogonal complement of H in the Hil- 
bert space M, we have 


M =H @H’. (1) 


We shall show that the elements of H+ are C” functions. Then it would fellow 
from decomposition (1) and the fact the © is dense in H (in the topology 
induced from M) that & n M is dense in M. 

Now if fe H*, we have, for each ¢ € 9, 


(f, eur + (Df, De)is = 0; 


i.e., f isa distribution solution of the equation (D*D + 1) f = 0, where D* denotes 
the formal adjoint of D. A simple computation shows that (D*D + 1) is an 
elliptic operator of order 2m (whose characteristic form is equal to (— 1)"|p(a, £)|?). 
Since (D*D + 1) is a linear elliptic operator with C” coefficients, every dis- 
tribution solution f of the equation (D*D + 1) f = 0 is indefinitely differentiable * 
Hence H+ ¢ &. 


! These ProceEpINGs, 43, 513, 1957. 
2? L. Garding, Math. Scand., 1, 55-72, 1953. 
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JOEL HILDEBRAND 


Mr. Bronk: The combination of fine weather and the fact that this is the last 
afternoon of the Annual Meeting is an understandable deterrent to prompt begin- 
ning of the meeting; but, in order that we may not detain too long our friends who 
have graciously agreed to come on this occasion, I think we had better begin. 

The subject of this symposium, which was suggested by many concerned with the 
present status of science in education, is not a new one for the National Academy of 
Sciences. In 1919 the National Research Council was created as an activity of the 
Academy. There was among the first group of divisions of the Council one on 
educational relations. From 1919 until 1943 this division was active and did much 
to further scientific education and the relations between the Academy and the 
universities of the country. There is also a traditional concern of academies with 
problems of education, not least because universities have not always provided a 
favorable and sympathetic environment for science. I need not remind you of the 
fact that scientific education and the furtherance of scientific research began in the 
modern era in academies of science rather than in the universities. The royal 
societies in France, Italy, and Germany were the original homes of science and did 
much to carry forward education in our field of concern. At the present time there 
is a lively interest in educational problems among scientists, for several reasons that 
are especially pertinent at the present. Scientific discoveries of the past have 
naturally fostered a culture and a civilization the survival of which requires more 
for their operation in the way of scientifc effort. More scientists are needed, more 
research is required for the solution of new problems, more technologists are needed 
for their defense. But, beyond that, the vitality of our culture requires more 
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general understanding of science. And so it is, as I have said, only natural that we 
of the Academy should in recent years have had an increasing concern with educa- 
tional matters. In recent years, and especially in recent months, there has been 
another reason for acute interest in problems relating to the more abundant recruit- 
ment of scientists and the better training of young scientists for future scientific 
careers—partially, I regret to say, because we compare our situation with the 
situation in Russia. It has recently been pointed out that although, according to 
reasonably reliable figures, only 4 per cent of the high-school students in the United 
States study physics for one year, all secondary-school students in Russia study 
physics for five years. Those same figures indicate that only 7 per cent of American 
secondary-school students study chemistry for one year, whereas in Russia all 
study chemistry for four years. And so it goes. It has also been found that in 
1928 there were but 26 schools for science and technology in Russia, whereas in 1954 
the number had increased to 153. But I, for one, wish that we had sufficient con- 
fidence in our own destiny and ideals to shape our culture without the stimulus of 
fear. We could, in analyzing our own situation, easily find that in 1900 approxi- 
mately 50 per cent of the high-school students in our country were studying algebra, 
but only 24 per cent in 1955; that in 1900, 25 per cent of the high-school students 
were studying geometry but in 1955 only 11 per cent; in 1900, 19 per cent of our 
high-school students were studying physics, but only 4 per cent in 1955. I cannot 
vouch for the validity of these figures, but they are indicators of a growing disregard 
for science in our educational system, at a time when it is becoming more difficult 
adequately to present scientific knowledge so that the general population may have a 
better understanding of the bases of our modern culture. It would, I think, in this 
time of ideological conflict be tragic if we the pioneers and idealists were to be con- 
sidered by the world merely seekers for an easy way to material satisfactions. And 
so, in deciding how we, this afternoon, might consider the place of science in educa- 
tion, it seemed to us desirable to bring together a group of wise men who have 
thought much about the place of science in education in its broader ramifications. 
So I was pleased to find that we could persuade not only our fellow members 
George Corner and Joel Hildebrand but also our friends Henry Moe, Clarence Faust, 
and Arthur Adams to discuss with us their ideas regarding the place of science in the 
totality of our educational system. In order to have some historical background 
for our thinking, we have asked Mr. Corner to begin the discussions of this afternoon. 


Mr. Corner: Mr. President, Ladies and Gentlemen: Standing upon this plat- 
form, one is always impressed by the resemblance of our auditorium to a great 
church or basilica. With its apse, its transepts, its pulpit, and its bench for the 
elders, it is indeed a temple of science. When my discourse is finished, you may 
think that I have succumbed unduly to the architectural mood of this place and 
have delivered a sermon instead of a scientific address. You may say that I come 
here with a preconceived faith—that I utter a few dogmatic statements, embellish 
them with none-too-relevant illustrations, and conclude with a pious exhortation. 
What is more, I shall give you a text for the day, lifted from its context in the Scrip- 
tures and somewhat altered in its connotation. This is something not infrequently 
done by us preachers. My text, brethren, is from the Ninety-fourth Psalm: ‘He 
who teacheth man knowledge, shall not he know?” 
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These words express in condensed form the question which I believe was in the 
mind of our presiding elder, Mr. Bronk, when he arranged today’s symposium. 
The title “Science in Education”’ calls for a discussion of the scientific investigator’s 
opportunity—and duty—to participate in, and even to lead, the work of education. 
Can we expect to have sound education without the inspiration of men who are 
seeking to know, through their own research, the universe in which mankind dwells 
and the nature of man’s body and mind? What do we stand to lose if education 
rests only upon what is already known? What may we hope to gain if teaching is 
planned by those who are themselves striving to learn new facts and to organize 
them into new concepts? 

These questions I am asked to discuss from the historical point of view. Let me 
simplify this huge assignment by defining our major terms. For today’s purpose I 
define ‘“‘science’’ as the effort to understand the physical universe and its living 
inhabitants; “education,” as preparation for effective living. At the beginning of 
history there was no distinction between science and education thus defined. When 
an African tribesman takes his little boy to the riverside and says, “Look, there’s a 
crocodile, he bites,’ this is natural history, a branch of science; when the father 
adds, “‘Therefore keep out of the reach of such creatures,” that makes it education. 
For each of us, in the short time we had in the cradle when we could play with our 
toes and touch new objects with our fingers, before parents and pedagogues began 
to educate us, science and education were indistinguishable. Successful teachers 
know that at any age the most effective education is that which lets the pupil find 
things out for himself—which keeps alive in his work the innate zest for explora- 
tion. This to me is axiomatic; it is the preconceived faith on which my homily is 
based. 

The history of the interplay of science and education, as human living has be- 
come even more complex, has been a long series of swings of the pendulum. Atcer- 
tain periods, in certain cultures, under the shifting effects of social change, religious 
belief, political stress, there have been times when the knowledge and experience 
that are stored in tradition, in books, and in tablets of the law loomed so large that 
education looked only backward, sought only to teach the understanding and use of 
remembered facts, of old dogmas, of time-honored codes. At other times scientific 
curiosity has taken the lead, often with drastic effects upon the outlook and methods 
of the educator. 

In discussing these changes, I shall be on safer ground if I do not try to go too far 
back. Without a profound knowledge of ancient culture it is impossible to perceive 
the relations of discovery and teaching in long-past times. If we had fuller records 
of the second, third, and fourth millennia before Christ, who can say how many 
alternations of Dark Ages and Renaissances and periods of Enlightenment would be 
discernible? 

We can see the Greeks more clearly. They generally managed to achieve bal- 
ance in intellectual affairs. Aristotle, at least, seems to have combined in supreme 
degree the functions of teacher and investigator. The Hellenistic and later periods 
until the eleventh and twelfth centuries A.p. were, on the contrary, dominated by 
traditional pedagogy. Coming toa time about which I can claim some little first- 
hand knowledge, in the Middle Ages, say from the twelfth to the fifteenth century, 
when the European universities were being founded, there was a dearth of science, 
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what there was being chiefly mathematics and theoretical astronomy in the Arabic 
tradition. In philology, on the other hand, a considerable advance was being made 
by the scholars who were bringing the Arabic scientific literature over into Latin, 
much as scholars in Greek literature were to influence the true Renaissance a few 
centuries later. A recent historian, Crane Brinton, bids us remember that ‘the 
transition from the scholar, indeed from the scholastic, to the scientist was no 
miraculous revolution . . . the modern scientist took over from his scholarly pred- 
ecessors all those slowly learned habits of mind and work so necessary to natural 
science, patience, accuracy, the hard-won accumulation of mathematics and logic, 
the great community of men and women devoted to the cultivation of the mind.” 
These philologists, translators, and commentators upon the Arabic and Greek texts 
were not scientists in our sense, but they were research men in their own way, and 
their enormous influence upon education is sufficient evidence that research is the 
leaven of scholarship. 

Even before A.p. 1500 there were ags of scientific curiosity evinced by direct 
observation of nature and by experiment. Anatomists were beginning to dissect 
the human body again, and alchemy was on its way to becoming chemistry. While 
it would therefore be incorrect to say that there was no independent research in 
natural science and no influence of research on teaching before, say, 1540, certain it 
is that the sixteenth century saw a sharp change. There is a story, probably 
apocryphal but symbolically apt, of a dramatic scene at the University of Paris 
about the year 1535. The great professor Jacobus Sylvius was in the high rostrum of 
the anatomy theater, expounding a book of Galen, with a barber surgeon below him 
at the cadaver exposing the successive organs as they were discussed. A brash 
student, the young Andreas Vesalius, was so upset by the prosector’s ignorance that 
he stepped to the front, took the knife away from the demonstrator, and proceeded 
with the dissection himself. In that act were packed all the seeds of modern 
scientific education: the discarding of mere intellectual authority, the exaltation of 
first-hand knowledge, and the idea of learning to do by doing, which called for prac- 
tical teaching in student laboratories. 

That there was a change became evident to the learned world by the publication 
in one year (1543) of the Fabrica corporis humani of Vesalius and the De revolutiont- 
bus orbium coelestium of Copernicus. Our current era of original scientific investiga- 
tion had definitely begun. 

The great upsurge of natural science in the seventeenth and eighteenth centuries 
was partly within and partly outside the universities. Mathematics and theoretical 
astronomy had been academic sciences since the founding of the earliest universities 
in the twelfth century. Human anatomy and botany, being important to medicine, 
were taught academically, and practical work in those sciences therefore could 
develop to some extent in the universities. Anatomy was demonstrated on the 
cadaver; many of the universities established botanical gardens. Other sciences 
grew up, in the main, outside the academic walls. Microscopic biology was notably 
the hobby of ingenious private students. Sciences requiring laboratories did not, 
generally speaking, domesticate themselves in educational institutions, scarcely even 
chemistry, close as it was to botany and pharmacy. Only four of the seventeenth- 
century universities are known to have had chemical laboratories, namely, Giessen, 
Leyden, Oxford, and Altdorf. Those seventeenth-century scientists who were 
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professors—Galileo, Torricelli, Malpighi, Isaac Newton—mostly carried out their 
investigations in their own homes or at the expense of a patron. Outside the 
universities some scientists, like Harvey, supported themselves by practicing medi- 
cine, or, like Leeuwenhoek, by business. Huyghens, Baglivi, and van Helmont 
inherited or married money. The didactic universities were simply unprepared to 
provide opportunities and equipment for innovators of this type. The foundation 
of regius professorships in France and England did not take care of this situation. 
A few specially created institutes, for example, the Collége de France and Gresham 
College in London, provided institutional centers for scientific discussion, though 
with very little laboratory equipment. Francis Bacon’s Utopia (in the New Atlan- 
tis, 1652) was to have a research institute with a scientific staff and fully equipped 
laboratories. 

It was in the learned academies of Europe that something approaching Bacon’s 
dream was actually realized. At the Accademia del Cimento, founded in 1657 
Leopold de Medici provided a distinguished group of scientists, who experimented 
in common, with the necessary equipment and defrayed their expenses. Borelli, 
Stensen, and Francesco Redi were all on the roster of this institution, which oper- 
ated for six years. Under Louis XIV the enlightened statesman Colbert set up in 
1666 the French Académie des Sciences, whose members included Huyghens, 
Mariotte, Cassini, and Olaus Rémer. Here there were laboratory equipment and 
considerable freedom of investigation. Various similar institutes on a smaller seale 
were begun in Italy, France, Germany, and Scandinavia; they had checkered 
careers, each in its own way, but the tradition thus created can be traced continu- 
ously to our own time, through the Senckenbergisches Institut in Frankfort, the 
modern German and French research institutes, and those of Britain and America. 

There were other academies of science, of which the Royal Society of London is 
the most eminent example, which did not have laboratories of their own but encour- 
aged research as much as the others, and on the whole more durably, by providing 
for the exchange of information through meetings, correspondence, and publica- 
tions. Thus in the seventeenth and eighteenth centuries a whole chain of national 
and local academies and societies, extending all over Europe and, by the end of the 
eighteenth century, even to America, supported the growth of science by direct 
observation and experiment rather than by scholastic speculation, at a time when 
most universities were failing to do so except by their anatomical theaters and 
botanical gardens. 

The universities, indeed, in these same centuries became largely stagnant. In 
one and another of the leading European nations they suffered variously from loss of 
freedom through governmental or ecclesiastical control or from the conservatism and 
indifference of the ruling classes. Their failure to teach, much less to investigate, 
the new sciences, led here and there to the creation of professorships in the academies 
of science. The first course in practical laboratory chemistry was founded in 1752 
at St. Petersburg in the Russian Academy of Sciences. In Britain there were inde- 
pendent schools of science, such as William Hunter’s famous anatomy schools, in 
London and also in some of the secondary schools of the Quakers and other dissenting 
sects, where such men as Priestley and Dalton were active. 

Yet all these methods of teaching scientific subjects and promoting new research, 
put together, could never provide sufficient means for educating the youth of the 
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new scientific age. The European world had now attained almost complete 
divorce of scientific inquiry from education. Under these conditions it was 
education that deteriorated, for in no other field is it more true that what does not 
go forward goes backward. For a picture of education at its lowest ebb I turn to an 
English source. The description I am about to read is all the more poignant coming 
from a land we know so well. For local reasons, the reform of general education by 
the reunion of teaching and scientific research was postponed longer there than on 
the Continent; thus the process of degradation had time to go even further. It 
was as late as 1870 that Thomas H. Huxley could write as follows in his address 
“Liberal Education” : 


{In the English primary schools] a child learns 

1. To read, write and cypher, more or less well; but in a very large proportion of cases 
not so well as to take pleasure in reading, or to be able to write the commonest letter properly. 

2. A quantity of dogmatic theology, of which the child, nine times out of ten, under- 
stands next to nothing. 

3. Mixed up with this ... a few of the broadest and simplest principles of morality... . 

4. A good deal of Jewish history and Syrian geography, and perhaps a little something 
about English history and the geography of the child’s own country. But I doubt if there is 
a primary school in England in which hangs a map of the hundred in which the village lies, 
so that the children may be practically taught by it what a map means. 


Huxley goes on to the secondary schools and says that they taught 


a little more reading and writing ... but it is a rare thing to find a boy of the middle or upper 
class who can read aloud decently, or who can put his thoughts on paper in clear or grammat- 
ical ... English. The “eyphering’’ of the lower schools expands into elementary mathe- 
matics ... a little algebra, a little Euclid. But I doubt if one boy in five hundred has ever 
heard the explanation of a rule of arithmetic, or knows his Euclid otherwise than by rote. 

Of theology ... the middle class schoolboy gets rather less than poorer children. . . his 
ideas when he leaves school are of the most shadowy and vague character, and associated 
with painful expressions of the weary hours spent in learning collects and catechism by 
heart. 

Modern geography, modern history, modern literature; the English language as a lan- 
guage; the whole circle of the sciences, physical, moral, and social, are even more ignored 
in the higher than in the lower schools. Up to within a few years back, a boy might 
have passed through any one of the great public schools with the greatest distinction and 
credit, and might never so much as heard of any of the subjects I have just mentioned. 
He might never have heard that the earth goes round the sun; that England underwent a 
great revolution in 1688, and France another in 1789; that there once lived certain notable 
men called Chaucer, Shakespeare, Milton, Voltaire, Goethe, Schiller. The first might be 
a German and the last an Englishman for anything he could tell you to the contrary. As for 
science, the only idea the word would suggest to him would be dexterity in boxing. 


As a witness to the state of the old universities, Huxley quotes the rector of 
Lincoln College, Oxford, Mark Pattison, writing in 1868: 


“The colleges no longer promote the researches of sciences, or direct professional study- 
Here and there college walls may shelter an occasional student, but not in larger proportion 
than may be found in private life. Elementary teaching of youths under twenty is now the 
only function performed by the University and almost the only object of college endowments. 
Colleges were homes for the life-study of the highest and most abstruse parts of knowledge. 
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They have become boarding schools in which the elements of the learned languages are 
taught to youths.” ... 

Now [says Huxley] let us pause to consider this wonderful state of affairs; for the time will 
come when Englishmen will quote it as the stock example of the stolid stupidity of their an- 
cestors in the nineteenth century. 


I hasten to say that I am one American among many who has seen the results of 
the reform of which Huxley was a leading spokesman. I have worked at Oxford 
and at University College, London; visited Harrow, Charterhouse, and Radley with 
informed guides; and talked over the work of the rural country schools with a 
schoolmaster kinsman of my wife. It is not to be claimed that the present sound 
state of education in England was achieved by the scientists alone. Huxley had 
among his contemporaries John Henry Newman, Benjamin Jowett, and Thomas 
Arnold; but who will say that without the scientists it would have been accom- 
plished at all? 

The reunion of research and teaching in the European universities began, effec- 
tively, with the foundation of the University of Géttingen in 1734. There the 
professors were expected not only to teach but to engage in scientific research, and 
they were provided with instruments and books. By about 1830 all the German 
universities were organized in a similar way, and the combination of research with 
teaching was an established feature of nineteenth-century German educational life. 

It is not necessary here to set forth the advantages that accrue from having 
scientific education at the university level conducted by men who are themselves 
creative scientists, and at lower levels by men at least who are influenced by the 
research spirit. It is enough to say that a zest for exploration is the best incentive 
to work; direct observation develops both originality and precision; the planning of 
experimentation, with its necessary formulation of hypothesis, check, recheck, and 
reformulation, teaches the laws of scientific evidence, and the attack upon the 
unknown is a profound antidote to dogmatic thinking. It is no marvel that the 
German universities of the nineteenth century were the foremost scientific centers in 
the world. Nor is it necessary to remind you here that the teaching of science and 
to a large extent also that of history, philology, and philosophy in the American 
universities stems from nineteenth-century Germany, having been brought over by 
the scholars who went to that country in the latter half of the last century and 
spread by the example of the Johns Hopkins, founded in 1876. That the teachers 
of science should also be investigators is an ideal largely achieved in our universities 
and in many colleges. It will be a bad day for American education if ever inade- 
quate endowments, competition from industry, political interference, or any other 
cause divorces research from teaching in the universities. 

It is obvious that the benefits of this union have not reached all the way to the 
secondary schools. Much worry has been expressed of late about the state of 
science teaching in the high schools, and various methods of improving the situation 
are being tried. I am frankly riding a private hobby when I say that none of these 
suggestions goes to the root of the trouble. The fact is that we do not expect 
enough of the high-school student. Science is too often presented as an easygoing 
popular introduction to a subject that is considered too difficult to be taken seri- 
ously by the young. High-school students can reach a higher level of intellectual 
discipline than such courses imply; they do it in mathematics and history. Any- 
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body who has heard an English boy choir sing, or watched a well-coached American 
high-school team play football, knows what teen-agers can do when their best 
efforts are called out by trained leaders. I have myself seen high-school pupils 
under ambitious teachers of biology work in field and laboratory as well as college 
students. High-school science ought to mean more than casual natural history or 
the most elementary chemical experiments. I believe that the high schools ought 
to teach science at the level now set by first-year college courses, so that the colleges 
and universities could begin at a more advanced point than at present. When 
sound work is expected of the pupils, the teachers will have to be good, and they 
will have higher prestige. They may not do research in their high-school labora- 
tories, but they will be the kind of men and women, like our best college teachers 
now, who feel the inspiration that comes from research in the universities. Better 
salaries for the teachers are of course desirable, refresher courses and summer insti- 
tutes are good, but these teachers need more than that; they need a sense of educa- 
tional challenge and responsibility and prestige. 

To return to our main theme, scientific investigators have in the last seventy-five 
years taken a leading part in setting the pace of advanced education in the United 
States, and they continue to do so. But history has not only its major revolutions 
but also its minor oscillations. The merger of experimental science with university 
education was to a certain extent reversed after the beginning of the twentieth 
century. There came to be more and more research in nonacademic institutions, 
that is to say, in government departments such as those of agriculture and public 
health, in certain technical industries, and in independent research laboratories like 
those of the Carnegie Institution and the Rockefeller Institute. Since the first 
World War, and especially since the second, this tendency has increased. A very 
high proportion of our trained investigators are now outside teaching institutions, 
and many able men never in their lives exert influence upon educational programs as 
teachers or executives. The harm is lessened, of course, by a good deal of migra- 
tion from the nonacademic research centers to universities. The Rockefeller Insti- 
tute, for example, in its nonteaching days sent out dozens of men into high teaching 
posts, largely, of course, in medical schools. Occasionally men return from govern- 
ment or industry to university professorships. But the separation into two groups 
has, on the whole, been widening. 

As of today, however, it seems that the pendulum is beginning to swing the other 
way again. Research institutes once characteristically separate from the academic 
world are opening their doors to students. The National Bureau of Standards and 
other government research organizations have asked the Academy—Research Coun- 
cil to help them find a group of postgraduate fellows. One of the largest industries 
is sending picked young men back to a university for a year of general studies. 
The Rockefeller Institute, which fifty-three years ago asked itself whether it should 
offer instruction in the medical sciences and decided in the negative, has now begun 
a program which makes it into a university school of biological and medical science. 

Science and education at their respective extremes of specialization of course have 
different aims and techniques. Talents differ so much that there are investigators 
who cannot teach and teachers who cannot investigate—some, indeed, who cannot 
even appreciate the ideals and methods of science. But at their core the discovery 
of knowledge and the training of young people for effective living are so closely 
linked that they must not be allowed to grow apart from one another. 
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There are those who fear that the scientific investigator, allegedly cold of heart, 
devoid of respect for the intangibles of human nature, insensitive to the poetry of 
life, cannot be intrusted with the training of youth. If there are any such in this 
audience, let us read a statement of the educational ideals of a man who, more 
ardently perhaps than any other, fought to increase the influence of science upon 
education in England and America. In that same essay from which I quoted earlier, 
Thomas Huxley wrote: 


That man [I think] has had a liberal education who has been so trained in youth that his 
body is the ready servant of his will, and does with ease and pleasure all the work that, as a 
mechanism, it is capable of, whose intellect is a clear, cold logic engine, with all its parts of 
equal strength, and in smooth running order; ready, like a steam engine, to be turned to any 
kind of work, and spin the gossamers as well as forge the anchors of the mind; whose mind is 
stored with a knowledge of the great and fundamental truths of Nature and of the laws of 
her operations; one who, no stunted ascetic, is full of life and fire, but whose passions are 
trained to come to heel by a vigorous will, the servant of a tender conscience; who has 
learned to love all beauty, whether of Nature or of art, to hate all vileness, and to respect 
others as himself. Such an one and no other, I conceive, has had a liberal edue ation; for 
he is, as completely as a man can be, in harmony with Nature. 


If this is the ideal of a liberal education, you will agree that it cannot be achieved 
unless our best young men and women are enabled to seek the truths of nature and 
the laws of her operations in the laboratories of experimental science, side by side 
with men of skill and experience in the unending search for knowledge. “He who 
teacheth man knowledge, shall not he know?” 


The author is indebted to Dr. John B. Blake, Assistant Historian of the Rocke- 
feller Institute for Medical Research, for the use in advance of publication of an 
article, ‘Scientific Institutions since the Renaissance: Their Role in Medical Re- 
search,” Proceedings of the American Philosophical Society, vol. 101, pp. 31-62, Feb- 
ruary, 1957. 


Mr. Bronx: Thank you very much, Mr. Corner. Our next speaker is a re- 
markable man, with a remarkable range of intellectual interests, who as Secretary 
General of the Guggenheim Foundation has had a remarkable opportunity to 
study the qualities of men and institutions which make for great teaching and 
significant investigation. Mr. Moe. 


Mr. Mor: Members of the Academy, and Fellow Guests: 1 wish I were here to 
report a series of experiments or even to argue a legal case, proceeding from prece- 
dent to precedent, from authority to authority, to a reasoned conclusion—or 
anything relatively simple like that. As it is, I can only give you my opinions; 
and I might as well say at the outset that I do not think much of my naked 
opinions. It is for this reason that you will find me trying to clothe them, even more 
than Mr. Corner has just done, with evidence from history. 

During fifty days spent in the Middle East last autumn, I learned a lesson from 
history germane to the subject that your president has asked me to discuss here: 
“Science as Part of General Culture.” I had been given what the Navy calls a 
“roving commission” to find out what I could about the state of higher education 
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in the Middle East. After I got out there, it came to me, very slowly, that I was 
not as ignorant nor as unqualified for the assignment as I had thought—for one 
reason. The ancient Roman Law, the writ of the Roman Law, ran all through 
the Mediterranean littoral—longer in time in some places than in others, but here 
and there certainly for a millennium. During some periods the writ of the Roman 
Law ran as far eastward as the Persian Gulf—in short, through all the territory 
that we now call the Middle East. 

If Professor W. F’. Albright is here, and even if he is not, a person like me ought to 
speak of the Middle East with a certain diffidence, a certain shyness, indeed; and 
that shyness would commend silence, were it not for one fact: as a Roman lawyer, 
as a historian of the law of Rome, I was, once upon a time, long ago, deemed 
qualified to teach the subject in the University of Oxford, as I did. 

It was not that I studied or learned last autumn in the Middle East anything 
about the law of the sale of goods or of commercial practice or about any other 
branch of the law as it stood in ancient Egypt or Phoenicia. As a historian of the 
Roman Law, it was rather—to paraphrase James Hastings Nichols—that I could 
not help being aware, out there, of values created by men in the past in millions of 
situations and carried into the future in the collective memory of the Mediterranean 
and Middle Eastern peoples, often as their guide and quite as often for their inspi- 
ration. ! 

History is always before one’s eyes in the Middle East, but, I suppose, only if 
one has the eyes to see. I do not mean only visible evidence; I mean also re- 
membered evidence. I remembered that Beirut in the Lebanon, the Berytus of 
ancient Roman Phoenicia, had had a law school which was accredited along with 
those of Rome and Constantinople as one of the Roman Empire’s three schools 
of law. And I remembered that the Roman emperor, Justinian himself, decreed, 
to insure the quality of legal instruction: ‘“‘We have been informed that in Alex- 
andria, Caesarea and in other cities, ignorant men have imparted spurious in- 
struction to their pupils: these we prohibit, and those who shall be so presumptuous 
as to constitute themselves professors of law, otherwise than in the royal cities or 
Berytus, shall be liable to a penalty of twenty-one pounds of gold, and to be 
expelled from the city, where they, instead of having taught the law, have contra- 
vened the law.” 

Such standards are hardly to be found there now; just the same, the modern 
Beiruti lawyers do not allow one to forget that Tribonian, head of Justinian’s 
Commission for the Codification of the Roman Law, was a teacher in the Berytus 
law school, as were three others of Justinian’s commission. Justinian’s code was, 
I should perhaps explain, the greatest triumph of codification—with the most 
lasting effects throughout the whole of the ancient and, no less, the modern world— 
that the world ever has known to come to pass. And the modern Beiruti lawyers 
think it quite natural that Ulpian, deemed by common consent one of the two 
greatest of Roman jurisconsults of all Roman times, was a Phoenician. 

History, recorded history, is long in the Middle East—five thousand years or 
so; and the sensing of past values of past civilizations gives a man a certain per- 
spective on his own. As Jacob Burckhardt has said, ““We know so much more 
and are so much more than all the peoples who have not known the living historical 
breath of the Mediterranean.’’? 
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Contrasting the present with the great Middle Eastern past, I asked myself, 

“Why?” In the Middle East, I stress again, the present has deep roots. What 
happened to the deep roots of the law? And, lest I seem legally parochial, I call 
to witness that one ought not, historically speaking, look at the face of a clock 
without remembering the method developed in ancient Babylon for reckoning 
time; one cannot read or write a Western language without being in debt to what 
went on in Byblos in ancient Phoenicia. And again I asked, “Why?” I asked, 
“Why then and why not now?” 
- The law has had a very long experience with problems of causation, longer— 
much longer—than the sciences. In the law we differentiate causes in many 
ways, but here I shall speak only of proximate and remote causation, explaining 
that by remote causation we do not necessarily mean remote either in time or in 
space. An event denominated a remote cause may be concurrent in time or 
coincident in place with the event in question: but, to the law, it is “remote’’ if 
too long or too cogent a series of other factors intrudes on the event in question. 
Thus, if I as a lawyer say that the successive conquerors of the Middle East, with 
their burnings, lootings, and killings, provided only the remote causes of the 
difference between Babylonian mathematics and Babylonian medicine then and 
now, you may understand what I mean. To get at what the law calls the prox- 
imate cause—causa causans, the causing cause— we must ask ourselves questions 
of another order. These questions, no less than their answers, are difficult. 

As for me, I start from this basis—which, at least for me, is established histor- 
ically: The human mind has no limits in its ability to take flight to new values, to 
new conclusions based on new evidence—if the conditions are right for the indi- 
vidual human being, 

I am aware that my use of the word “right’’ begs the question and that unless 
and until I can clarify what makes conditions right I am saying approximately 
nothing. I do not pretend to be able to enumerate all the factors that make the 
conditions right, but I think I can, with reasonable certainty, enumerate some of 
them. A statement by a present-day Lebanese statesman and historian, Dr. 
Costi K. Zurayk, is revealing: “So long as it [Islam] preserved its original urge and 
spontaneity, it acted as a leaven, vitalizing the political system, opening before 
the people ever new and wider horizons of action and contemplation. When, 
however, it became reduced to a set of doctrines to be taken on credence, and a 
code of law and morals to be applied rigidly and blindly, it turned out to be, as 
other religions in the same state, a paralyzing shackle instead of a liberating force, 
the letter that killeth all real endeavor and progress.’”* 

And lest the results of the latter-day Islam be thought to be an isolated phenom- 
enon, let us think back to our own Middle Ages, when, for many centuries, the 
letter—the rulebook of life—killed inspiration and progress. It was then that the 
world of Europe—but not then the world of Islam—mistrusting reason, trustful of 
authority and revelation, weary of argument, and apathetie to the wonder of the 
capacity of men’s minds, stamped free inquiry as a sin. 

In proof of this, listen to the words of Abelard of Bath, an English scholar of the 
twelfth century who had studied with Arab scholars in Spain and Syria, addressing 
his nephew, who had studied in the universities of the Franks: “I,” said Abelard, 
“with reason for my guide, have learned one thing from my Arab teachers, you, 
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something different; dazzled by the outward show of authority you wear head-stalls. 
For what else should we call authority but head-stalls? Just as brute animals are 
led by the head-stall where one pleases, without seeing why or where they are 
being led, and only follow the halter by which they are held, so many of you, bound 
and fettered as you are by a low credulity, are led into danger by the authority of 
writers.... Reason has been given to individuals that, with it as chief judge, 
distinction may be drawn between the true and the false.’’* 

Such conditions of the mind as Abelard described them to be in Arab lands 
were also the conditions of the mind in ancient Greece—out of Mesopotamia 
via Palestine, I venture to say—and there the mind of man soared as the eagle 
flies. And such likewise were the conditions in ancient Rome—out of Greece, as 
is well known: then and there the rule of law achieved a firm expression, and 
concepts of equity and justice were both developed and applied to be every man’s 
due. 

But later came the spell of the Middle Ages’ system of authoritative revelation, 
and until that went by the boards in the refound freedom of the Renaissance, the 
search for new truth was hopeless. Then came Mercator, Leonardo, Copernicus, 
Galileo, Kepler, and—your list would be better than mine. I had thought to 
mention Maimonides here, but he was too early, and besides, although Maimonides 
lived in the period of Europe’s Middle Ages, he lived without the shackles of 
Europe’s Middle Ages; for he lived in Arab territory, in Spain and elsewhere. 

The law is the key to the answer to the question previously asked, ‘“‘Why then 
and why not now?” A catalogue would be as endless as the details of the legal 
code—any legal code, provided only that it guided and restrained the ruler—any 


ruler—and safeguarded the individual—any individual. Such a code of law made 
the difference between civilization and barbarism, between order and chaos, between 
a static society and progress. But more than that: such a code of law, fostering 
the individual as an individual, gave each individual, wherever born and wherever 
living within the territorial limits of the writ of that law, his chance. And I do 
not need to remind this audience that there are, even now, no data which will tell 
whence, when, or in whom the combination of genes that result in genius will 


appear. 

In the ancient Middle East, the waterboy could, and often did, become king— 
just as Aurelian, of most humble origins from Pannonia in what we call the Balkans 
and in his early years an infantry soldier, became emperor of Rome, as wise as he 
was brave, the restorer of the empire in the third century a.p. And Kant, the 
saddler’s son from Kénigsberg, became probably the modern world’s most in- 
fluential philosophic thinker. 

It is easy to say, ‘“‘We know all this’; and I hope we do. Yet some recent 
history would indicate that no peoples know it as well as they ought. Given the 
code of law, within whose protecting and avenging arms the individual is free, 
what then? What must be added for fulfilment of the possibilities of the individual, 
any individual? The answer, clearly, is education. 

For the purposes of this paper, I am not much interested in curricula. I shall 
simply note that, so far as is known to me, none of the world’s great men—great, 
that is, in things of the mind and spirit—were specialists solely. Copernicus was 
lawyer, theologian, and astronomer; Maimonides was jewel trader, physician, 
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rabbinical scholar, and philosopher; Voltaire was poet, historiographer, and political 
thinker; Jefferson was farmer, botanist, natural philosopher, political thinker, and 
politician. Benjamin Franklin was practically everything! Churchill is journalist, 
man of letters, statesman, and somewhat of an artist and bricklayer. Leonardo 
was engineer, painter, sculptor, musician, and poet. Thomas Aquinas was a 
pupil of Albertus Magnus, known as doctor universalis—theologian, ancient his- 
torian, mineralogist. Darwin studied theology and medicine, was entomologist 
and geologist, and with this varied background became the author of On the Origin 
of Species. 

And so it has been, and so, I think, we may be sure it will continue to be. For to 
be more than a specialist argues that one has better than a specialist’s chance to 
see relationships; and without a certain inclusiveness of vision, path-breaking 
steps seldom, if ever, are taken. Without a certain inclusiveness of vision, the 
road ahead appears to be the only road, or at least the only road worth traveling. 
But this, all history shows, is not so. 

What, then, am I talking about? Assuredly, I am not saying that science is 
narrowing. Assuredly, I am not saying that science is not as much a part of 
humanistic learning as is literary criticism. Assuredly, I am not saying that 
there is any conflict between the learning of science and the learning of the so- 
called humane and liberal studies. 

Assuredly, I am saying that the study of science, any science, can be as human- 
istic and as liberal as the study of, say, Greek sculpture of the age of Pericles. 
Assuredly I am saying that study of Greek sculpture of the age of Pericles can be as 
narrowing as the study of the properties of prime numbers can be—but either 
study is not necessarily narrowing in either instance. The main point is that any 
study, pursued in and for itself, makes a situation from which no great things come. 

The adjective “Alexandrine” was long ago applied to narrow erudition for the 
sake of such erudition, learning for the sake of being learned in a field. And I 
shall say that, viewed from where I sit in a foundation office, the term “‘Alexandrine”’ 
has much more general application now to nonscientists in the twentieth-century 
United States than it has to American scientists of the twentieth century. The 
reason may be that, whereas the American scientist—at least the scientist of my 
own and older generations—generally has some education other than scientific, the 
American nonscientist rarely has any knowledge of science beyond what he gets 
from the popular periodical press. 

Recently, while we were considering an application from a professor of English 
who proposed to prepare a variorum edition of one of the greatest of English path- 
breaking scientific essays and a study of the development of that scientist’s thinking, 
I took it upon myself to inquire what he knew, critically, of the scientific subject 
matter of the essay and of the scientist’s relation to his predecessors’ and contem- 
poraries’ thinking in the field. My query made the professor of English furious; 
he told me that if | were not an ignoramus, I would know that no knowledge of the 
scientific subject matter was necessary, that any well-trained literary scholar could 
do the job—that a literary scholar could do the job even if the text were in a 
foreign language he did not understand, and that perhaps he could do it better in 
such a case. The so-called Alexandrians never, I should guess, went as far as this 
twentieth-century professor of English in defending narrowness of range. 
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But if my generation of scientists was more broadly trained than my generation 
of nonscientists, the signs are that this is less true now than it was before. The 
past generations of future specialists—-whatever their specialties were to be—were 
brought up on the Bible, which was good training in English as well as for other 
purposes, with training in religion and in history (good general training, not special- 
ists’ training), on the Latin language and Roman history, sometimes even Greek 
and Greek history, a modern language, either French or German, and mathematics. 
This may not have been broad enough in science for the future non-science specialist, 
but it surely was good training for the future science specialist. 

This was, in fact, the education of all our scientific specialists who went to college 
before 1900, of most of those who went before 1910, and of a large proportion of 
those who were graduated before the first World War. 

The present drive for more science in the preparatory and secondary schools in 
order to make more and better scientists seems to me to have elements of great 
foolishness: it might well make more but worse ones, and it would probably make 
more technicians in science and fewer scientists. And I am concerned about that, 
for there is no historic evidence known to me that technicians, even supertechnicians 
will suffice for science, let alone for life. 

I do not decry, for I do not doubt the need of, training large numbers of tech- 
nicians, even supertechnicians; but I do remember that this is a paper for the 
National Academy of Sciences, the official scientific adviser to the government of 
the United States, where scientific statesmanship abideth if it abideth anywhere. 
And you will agree with me that we need more good scientists even more than we 
need more scientific technicians, however good. 

Nor, agreeing with your president, am I swerved from what I think and have 
said by the fact that the Russians have other ideas. We did not get where we are 
by imitating the Russians, and I submit that we will not acquire or maintain 
leadership by imitating, which means following, anybody—not the Russians, surely! 

Such are my opinions: I wish they could be documented more fully; and, of 
course, I recognize that if I were able to document myself more fully, I might 
have formed other opinions! 

But of one thing I am sure—needing no more documentation than all of us have 
available—and that is that it takes a long time to educate a creative scientist. 
When the chips of national need are down, it does no good to make an appropriation 
and demand the miracle of an adequate supply of scientists, who are scientists in 
your terms and not technicians. The miracle could not come, no matter how 
big the appropriation, for at least seven years after secondary school; and seven 
years, as the world moves nowadays, is a long time. 

On still another point I need no more documentation than I have, and that 
point may be stated this way, and firmly; it is another lesson that I learned firmly 
in perspective from the history of the Middle East. Beginning in the nineteenth 
century, the Middle East eagerly took to Western inventions; but those inventions, 
it now is clear, did not produce for them the good things they seemed to produce for 
the West. By Western inventions I mean not only the tractor, the bulldozer and 
the motorcar but also secular education, technical education, and the ballot box. 
And the reason that the Western inventions did not produce for the Middle East 
what they seemed to some to produce for the West is clear. Some men of the 
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Middle East said it to me clearly: ‘““We know we could not achieve your material 
position—let alone your other positions—without the breadth of your education, 
based on humane and liberal studies, which you have and which we used to have 
but have no more.’”’ This is a message, perhaps the most important message, from 
the five thousand years of the history of the cradle of our civilization. 


‘ James Hastings Nichols, “Jacob Burckhardt,’’ in Jacob Burckhardt, Force and Freedom: An 
Interpretation of History, ed. Nichols (New York: Meridian Books, 1955), p. 67. 

2 Tbid., p. 68. 

3 “The Essence of Arab Civilization,’’ Middle East Journal, 3, 127, 1949. 

4 Bernard Lewis, British Contributions to Arabic Studies (London: Longmans, Green & Co., Ltd., 
for the British Council, 1941), p. 11. 


Mr. Bronk: Thank you very much, Mr. Moe, for this heartening challenge to 
evaluate our own position on the basis of our own ideals. Lest you think that Mr. 
Moe is foreign to this Academy, it might be appropriate to point out that, I believe, 
sixteen of the thirty Members of the Academy elected yesterday were fellows under 
his grants. f 

Our next speaker, Mr. Arthur Adams, has had a unique opportunity as a scien- 
tist and an engineer, as a university professor, as a university president, and now as 
President of our sister Council on Education to see the relationship of science to 
organized education. We will value whatever he chooses to contribute to this 


symposium. Mr. Adams. 


Mr. Apams: Members of the Symposium, Members of the Academy, Ladies and 
Gentlemen: I have been charmed, as I know all of you have been, by the two pre- 
ceding papers and by the enormous range of perspective that they have made avail- 
able to us in considering the subject we are discussing this afternoon. Before 
beginning my own remarks on this subject, I wish to note particularly two facts 
which strike me as being of extreme significance. The first fact is that this body is 
addressing itself to the question—the issue, if you wish—of science in education. 
I think that Mr. Corner made perfectly clear the interacting influence between 
science and education that is bound to occur. For a long time now, I have been 
concerned by the apparent division of the educational world into those who believe 
that all education is a matter of subject matter and those who believe that educa- 
tion is a matter of conditioning of the individual. We recognize this conflict. It 
is too bad that it occurs, but it is a fact. With Mr. Corner’s analysis—that there is 
essentially and inherently an interaction between these two points of view—we 
have taken a great step forward, and I wish, Mr. Chairman, to express my applause 
to the National Academy of Sciences for its wisdom in holding this symposium this 
afternoon. It is a major advance to have scientists concerning themselves with 
broad educational problems. 

The second fact that I wish to note before starting my general remarks is that I 
recall so well that when I was engaged in scientific and technical matters in the 
West, I used to look longingly eastward when my seniors in the academic hier- 
archy departed for the “eastern meetings” and I was left behind to do the work. 
It is wonderful to be here today under this particular circumstance. It makes 


me feel very good indeed. 
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Now, with respect to the subject under consideration—science in education. I 
submit, as have the two preceding speakers, that the subject cannot be treated in 
isolation, since concern about science in education is a part of a total concern which 
has other essential parts, and we ignore these other parts at our peril. What are 
these other essential parts? In the first place, we are all members of a society and 
of an economy, and the current demand for scientists and engineers arises strictly 
out of the nature of our society and of our economy. Therefore, we must address 
ourselves to the nature of that society and that economy in order to understand 
more clearly the factors that are at work. For instance, it is striking to me to note 
the cyclic nature of our concern about science and education. Apparently this is a 
periodic phenomenon which occurs with a very wide amplitude and a rather short 
period. It was in 1933 that I undertook to speak on the subject of technological 
unemployment, it was in 1941 that I undertook to speak on the scarcity of scien- 
tists, it was in 1947 that I sought to raise my voice at a meeting in Chicago in op- 
position to the prediction made there that there was an oversupply of engineers and 
scientists in certain prospect, and today, in 1956, in every newspaper and magazine in 
the land there is a great hue and cry about the dangerous deficiency, present and 
prospective, of scientifically trained personnel to meet the needs of our society and 
our economy. 

From this it seems to me that the extreme range of amplitude goes all the way 
from technically and scientifically trained people selling apples on street corners, 
as they did in 1933, to our present-day concern that the Russians will get us if we 
don’t watch out. This is a wide amplitude indeed. It also appears that, roughly, 
this phenomenon of changing attitudes and opinions about scientists and engineers 
has a six to eight-year period. It likewise and finally appears that judgments 
expressed at the extreme ranges of this amplitude seem open to question, because 
we have passed through all these stages with greater or lesser success. It strikes me 
that the truth about the matter is bound to lie somewhere between these extreme 
ranges of concern. 

Now how did this come about? In my judgment it arises from the very com- 
plexity of our society and our economy. Production means very little unless it is 
paralleled by consumption. Our national needs expressed in terms of what you and 
I want to buy certainly determine the efforts of producers in supplying the ma- 
terials and goods we purchase. Likewise, our national needs in respect to defense 
and other federal concerns develop to greater or lesser degree from the climate of 
the world situation in which we move. All these taken together have an enormous 
bearing on what our public attitude may be about the development and employ- 
ment of scientists and engineers. 

Currently we are exercised about the comparison being made with the Russians, 
and I would suggest that this is something that needs further and closer examina- 
tion. Because, you see, the Russians do not have a society and an economy like 
ours. They do not have a free-enterprise system in which anyone may yearn for an 
automobile, a fur coat, or a new and larger house. The Russian takes what he has, 
and so the demand is not there. Therefore, the government is in a position to 
determine just what shall be done educationally about the training of its people. 
Moreover, there is no field whatever for that vast army of salesmen, of entre- 
preneurs of various types, even of artists and musicians, which also have their place 
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in our society and economy, because if we did not approach life as we do in this 
country, a good deal of support of art and music would disappear. I refer to the 
fact that, in a recent speech, Mr. Frank Stanton pointed out that in forty-eight 
hours the Columbia Broadcasting System produces on television more plays than 
Broadway produces in an entire year, and he referred to this as the “chewing-up”’ 
of playwrights. Perhaps he is right. We probably do not have enough play- 
wrights in the United States to supply good plays for the demand which our society 
and our economy has for their work. 

Thus it strikes me that these swings to which I referred earlier have their genesis 
in the total climate of operation of our country. They have to do with the state of 
the economy. They have to do with the status of the United States in international 
affairs. 

Interestingly enough, then, as we trace these factors, it is clear that the techno- 
logical unemployment of the 1930’s came about because of the depression. What a 
fine, euphemistic word that is for what occurred in those days! The scarcity of 
scientists in 1941 came about because of the war needs—an international affair. 
The prediction of oversupply of engineers in 1947 came about because we had not 
dared to think of the capacity for expansion of our economy which ultimately turned 
out to be a fact. In 1956 we take our position about the scarcity of scientists and 
engineers because of the interests concerned and the excitement of many people with 
special interests in relation to our competition with the Russians. In each case a 
phenomenon arose in the domestic situation or the international situation that 
really did not have too much to do with either science or education. 

Now, as our chairman pointed out so clearly at the outset, I for one join with him 
with complete conviction that we get nowhere in getting excited about a shortage of 
scientists and engineers because the Russians have so many more, or at least are 
reputed to have so many more. In the first place, our military advisers all along 
have held to the belief that in no sense could we match Russia in manpower, be- 
cause the population of the two countries is not the same. Why, then, should we 
be so excited to find that there are 20 per cent more students studying science in 
Russia than there are in this country? They have 30 per cent more people. They 
have them in school. That seems to follow quite naturally. No, we got where we 
are because we offered the opportunity for wide-ranging curiosity to express itself 
in bold experimentation. We got where we are because there was the opportunity 
to present some innovation, either in thinking or in material goods, which was of 
interest and concern to our people, and our people had much to do with our devel- 
opment, in that they had an eagerness to accept innovation. In support of that 
thesis, consider the rapidity of the adoption of improved methods of transportation— 
the automobile and the airplane—in this country, in contrast to the lack of speed 
with which such devices were accepted in other countries. Consider the forest of 
television aerials that we see over every one of our cities. We do not see them in 
other countries. Our people are eager to try the new. Finally, and perhaps most 
importantly, consider the eagerness with which industry and the domestic house- 
hold have accepted the use of energy—largely electrical energy—to do tasks which 
otherwise would have to be done by human labor. One writer in a recent issue 
of the Bulletin of Atomic Scientists put it this way: He said that in Egypt a person 
of distinction would ke attended by a great company of poorly paid servants, but 

, 
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this person of distinction would not have the money to buy a vacuum cleaner. In 
our country we have vacuum cleaners everywhere, and we do not have the army of 
poorly paid servants. This represents the difference. Our growth arises out of 
free and untrammeled exploration, the satisfaction of curiosity, and satisfaction of 
the eagerness of the public to adopt that which is developed. 

Hence I would say that there are grave limitations on the development of a policy 
with respect to scientists and engineers based on a fear of what Russia is doing. 
Every advance that we have made has come as the result of the unexpected soaring 
of genius in a place we did not suspect, to accomplish ends which most of us did not 
even dream of. 

Now, what shall we do about our present situation? Should we let it ride? 
Should we be smug and comfortable about science and education in the light of 
these remarks? Not at all. We have a very grave responsibility to do with 
science and education just as we should do with respect to every other facet of our 
society. Upon our own examination, quite irrespective of comparison with Russia, 
it appears that many thousands of young people in our country today who have 
aspirations for careers in science and engineering are not able to satisfy those aspira- 
tions, for two reasons: (1) they have not been introduced to the possibilities that 
such a career might offer, and (2) they do not have the money to pursue the studies 


necessary for such a career. I do not know which is the more important, but I 


was much impressed some months ago in our work at the American Council on 
iducation when we brought a group together to inquire into these matters. I 
think there were five or six other groups represented in this company, and they all 
agreed that there are in our country each year at least 100,000 young men and 


women of superior quality who do not go on to college and who by every criterion 
should have done so. This is a waste that we cannot tolerate. What can be done 
about it? One thing that certainly can be done is the adoption of better means of 
identifying earlier the capacity of such individuals so that we will know about them 
before it is too late. Every one of you in this room knows of a situation in which 
some bright-eyed youngster comes to the senior year of high school and, through 
means not particularized, gets the idea that he would like to study science. He now 
wants to go on to college, but he has to face the fact that he has given too much 
attention to enjoying his secondary-school experience. He probably participated 
in athletic teams, was a member of the glee club and of the class play, and had a 
really good time in high school. In the meantime he acquired sixteen units for 
college entrance; but, unhappily, those units did not include mathematics or 
physics, or chemistry, or biology, and he finds that in order to go on with the scien- 
tific career he now finds appealing, he is going to lose time; and so he gives up the 
idea. If this potential interest had been identified in the eighth grade, he could 
have been encouraged and stimulated to take the courses which he now needs so 
badly and then would have gone on to the fulfilment of the career he really wanted. 
A second recommendation concerns the fact that a great deal is being written and 
said around the country about the inadequacy both in numbers and in quality of 
our science-teaching personnel in secondary schools. But rather than rail at the 
inadequate number and the inadequacy of the preparation of the high-school 
teacher, may I suggest that we could get farther if we identified the substantial 
number of those that we know are doing a good job in high-school science teaching 
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and gave them the recognition they so richly deserve. Because, you see, there are a 
great many of them in the 25,000 high schools of the country. As far as I know, 
very little has been done in this regard. We could also undertake to offer richer 
opportunities in the summer schools of colleges and universities for science teachers 
in subject-matter fields. Teachers are human beings, whether they be in primary 
or secondary school or in college, and in primary and secondary schools their wage 
scales are tied to the academic degree which they hold. If they have Master’s 
degrees, they get that much more salary. So many teachers go to summer school in 
the summertime, and when they do they are criticized because they take courses 
in professional education. Why do they take courses in professional education? 
Because colleges and universities generally have not offered substantive courses 
in physics, chemistry, and mathematics for secondary-school science teachers. I 
am happy to say that the universities of the metropolitan district of Washington 
have put together this summer a comprehensive catalogue of their substantive 
offerings in science for high-school teachers. This work was done under the spon- 
sorship and the stimulation of the National Academy of Sciences—National Re- 
search Council under the direction of Mr. John Coleman. I think that this is an 
admirable advance over what we have had in the past. 

A third recommendation that I would make is that support and interest from 
industry be diligently sought in these matters. The National Association of 
Manufacturers got out a questionnaire some months ago addressed to 3,100 of its 
members, inquiring what they were doing to encourage science teaching in high 
schools. To me it is dreadful to have to report that they had only a 20 per cent 
return from these questionnaires, and, of the 20 per cent of those from industry 
who answered, only 10 per cent indicated that they were doing anything. I would 
suggest that those who did not answer the questionnaire felt that it was not worth- 
while—they were not interested. Certainly the 10 per cent who candidly indicated 
that they were not doing anything declared their lack of interest. Industry and 
business have a great stake in science teaching in secondary schools, and I think 
that it is the responsibility of scientists to alert management to the needs in this 
direction. This would be helpful, too, in providing means and opportunity for 
better science teaching to more science students. These three recommendations— 
early identification of career objectives, better opportunities for high-school science 
teachers, and increased interest and support by business and industry of the teaching 
of science—are steps that I suggest we ought to take quite independently of any 
other action. We need to do these things because we need to conserve and develop 
to the utmost our own human resources. 


Mr. Bronx: Thank you, Mr. Adams. Much has been accomplished by our two 
councils, together with the American Council of Learned Societies and the Social 
Science Research Council, to strengthen education in all fields of scholarship 
during the past decades. We were greatly heartened when Mr. Adams agreed to 
come to Washington as president of our sister council and thus give great support to 
our common undertakings. 

Our next speaker, as President of the Fund for the Advancement of Education, 
has had a long and rich experience as a teacher and university administrator and 
now is one who, with large resources at his command, is doing much to further 
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education at institutions widely throughout our country. But the fact that he is 
associated with one of the Ford Foundation’s activities does not mean that he is 
merely one who gives funds to be used by others. He is looking forward to new 
means of education, with rich imagination. Mr. Faust. 


Mr. Faust: Members of the Academy, and Their Guests: It was with considerable 
hesitation that I accepted Mr. Bronk’s kind invitation to speak to you this after- 
noon. I have so long been convinced that the planning and working-out of educa- 
tional programs can be managed best by those who understand the substance of the 
subject to be taught that, as a humanist, I thought I was unlikely to have anything 
useful to say on the important subject of the relationships of science and education. 

I venture, however, into an area beyond my training and experience because | 
have been increasingly concerned, along with many other people, about the erosion 
taking place with respect to education in science, especially at the secondary- 
school, and consequently at the collegiate, level. I am much heartened to hear it 
said this afternoon that this erosion should worry us not because we are fearful 
that we shall not be able to keep ahead of Russia but for much more fundamental 
reasons. I suppose that if by some happy set of circumstances the threat of 
Russia to the Western world were suddenly removed, we should not, as a con- 
sequence, cease to be concerned about education in science. We should still be 
concerned, because in our kind of society, as Mr. Adams has suggested, continuous 
advancement in every area, including science, is essential. We should still be 
concerned, because if education involves bringing to as full a flowering as possible 
the potentialities of the succession of human generations, then, certainly, an 
adequate education in science is of tremendous importance. 

The fundamental problems of adequate education in science are not, I believe, 
unique to science. This is a second reason why I venture to discuss them. The 
problems of education in science are part of the complex of problems of education 
generally. I should like, therefore, to suggest at least one of the reasons for the 
difficulty in education generally, including education in science, and then to propose 
a line of thought along which there may at least be some prospect of educational 
advancement. 

Our difficulties in these times arise very largely out of the magnificent com- 
mitment we have made as a people to universal education, which, coupled with the 
steep increase of our birth rate in the 1940’s, has presented the American educational 
system, from top to bottom, with a sheer quantitative problem of almost hopeless 
proportions. A larger and larger proportion of our young people go to high school: 
in 1900 about 15 per cent attended high school; the percentage is currently over 
75 per cent. A larger number of our people go to college: in 1900 it was about 
4 per cent of the college-age group; this year it is a little over 31 per cent, and in 
some states, such as California, it is moving over the 50 per cent mark. These 
facts—which, by the way, the Fund has brought together in a booklet that some 
of you may have seen, called Teachers for Tomorrow—present a tremendous set 
of problems to the American educational system. For example, considering only 
the children already born and making no assumption other than that there will 
not be a plague, it is clear that we should require well over 50 per cent of all the 
graduates of all the four-year colleges of this country to man our elementary and 
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secondary schools in the next ten years at the faculty-student ratios now considered 
necessary. At the college level the prospect seems even more alarming. Making 
the very conservative assumption that no greater proportion of young people of 
college age will go to college than now, we should, by the year 1970, need nearly 
500,000 new college teachers. Our graduate schools are now producing roughly 
9,000 Ph.D’s a year, of whom about 6,000 go into teaching, giving us the prospect 
of about 90,000 new college teachers with doctorate degrees in the next fifteen years. 
It is clear that the maintenance of quality in American education at all its levels 
during the coming years will be extremely difficult. It will be most difficult in 
science, where a larger proportion of Ph.D’s than in other fields is likely to be 
drawn out of education to meet the needs of industry. 

There is no solution of this problem, short of our engaging in what, I believe, is 
the typically American procedure of rethinking, reformulating and experimenting. 
For example, at the elementary-school level it is clear that we shall be unable to 
provide enough teachers under the arrangements now current in our elementary 
schools, that is, one teacher for every 30 children. We need, I am convinced, to 
rethink these arrangements. And, when one looks at them, it becomes perfectly 
evident that the largest school in the largest city in the land is in effect merely a 
collection of little red schoolhouses. The teacher does everything for 30 students 
which needs to be done, from taking the rubbers off in the morning to putting them 
on at night, collecting the milk money, keeping the records, policing the lunch- 
room, the halls, and the playground, and so on almost ad infinitum. To put it 
another way, the teaching profession is the only profession that has not participated 
in the professional revolution of the last fifty years. The effect of that revolution 
has been to bring professional competence to bear at the points where it can be 
most effective and to supply the competent and trained professional with aides 
and resources of many kinds. 

Some experimentation has been going on in this direction in elementary-school 
education—the employment, for instance, of aides drawn from the community 
who do the chore work of the classroom while the teacher handles not 30 but 45 
youngsters. Studies of this experiment show that under such arrangements the 
students handled in larger numbers by a teacher devoting himself or herself to the 
educational process, supported by an aide to take care of nonprofessional tasks, 
outperform the matching rooms under traditional arrangements. Each student 
gets, in fact, more individual attention on educational matters from the teacher 
than under the conventional arrangement. I report these experiments to suggest 
the need to rethink the arrangements of American education generally and to 
lead up to some suggestions about education in science. 

Take another of the areas in which we need to do some rethinking. As an 
academic dean, I tried hard for many years to make sure that no class ever num- 
bered over 25 students. I assumed that small classes were absolutely essential to 
the maintenance of quality in education. It was not until I was challenged by a 
group of psychologists to prove this assumption that I ever really examined it 
closely. The challenge was put this way: Suppose that we visited a class of 300 
students taught by a carefully selected full professor and then a class of perhaps 
14 or 15 handled by an instructor of average or less-than-average competance. 
Suppose that in each case we stood outside the classroom as the students left it 
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to get some impression of the degree to which they had been interested and their 
minds made active. In which case, I was asked, would we be likely to find that 
the most promising intellectual activity had gone on? The question answers 
itself for those of us who have had any experience at all in education. 

In short, we ‘will need, I think, to look at the question of the redeployment of 
our teaching resources with respect to the size of classes. I was surprised to 
discover recently that the college which some years ago was found to have made the 
best record in the production of scientists had not, as I had earlier supposed, made 
it by holding class size down to 12 or 15 students. When its splendid record of the 
proportion of students going on to successful graduate study in science was made, 
its science courses were handled, I am told, not in classes of 12 or 15 but in classes 
of 150 or 200 students. Seniors were employed in preliminary discussions with 
freshmen and in guidance of laboratory work, with the consequence that the 
senior reviewing his subject really mastered it, frequently became interested in 
teaching, and went on to graduate school. 

Again, we need to review our practices of ‘“packaging’’ all education in formal 
courses and our habit, to change the figure, of ‘‘spoon-feeding”’ college students. 
Foreign visitors who look at American education frequently express astonish- 
ment at the course-credit system of American colleges and graduate schools. 
They observe that we treat college students and even graduate students much as 
they were dealt with in high school, and indeed much as they were dealt with in 
elementary school, that is, we require class attendance and the performance of 
class assignments in a kind of lock step, not expecting and so not eliciting much 
independence and initiative from even advanced students. 

The solution to the problem of securing adequate education in science must 
involve finding ways to give effective teachers the largest possible scope, that is, 
devising arrangements to enable the greatest possible number of young people to 
benefit from the best possible instruction. These considerations drive me to 
consider, in addition to the possibilities I have indicated above, the possibility of 
producing courses employing the ablest and most effective instructors over tele- 
vision. Recently in a midwestern state university I listened to an analysis of the 
decline of physics, chemistry, and mathematics in the surrounding high schools. 
The consequences of the virtual elimination of courses in these subjects were said 
to be two: first, the youngsters coming to the university without preparation in 
these fields were reluctant to elect to specialize in them; second, that for those 
who did choose to major in these fields, the university was obliged to give work of 
secondary-school quality in preparation for specialization. The solution proposed 
in this case was to ask the ablest scientists of the university community to devise, 
and put on over the television station owned by the university, courses in math- 
ematics, physics, and chemistry for use in high schools of the surrounding area. 

I have to admit at the outset a certain reluctance about television as an educa- 
tionalinstrument. Education seems too inner and delicate a matter to be solved by 
way of a gadget, and as a humanist I find myself unhappy at the prospect that 
television or scund films may be the solution of a major educational problem. 
But when I find myself in this mood, I recall the early objection to the use of the 
printed book as an educational instrument. Recognizing all the weaknesses of 
the textbook as a means of education, the value of the printed book becomes 
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obvious, | think, if one asks what the high-school teaching of history or literature 
or science would be like in this country if no books existed, if each teacher had to 
manage as best he could from his own knowledge and information without the 
benefit of books. 

I suggest that we may have in the sound film and in the devices of television a 
means of communication which, like the first audiovisual aid—the printed book— 
has this great virtue: it makes it possible to put our best and most stimulating 
minds in each subject matter before a very large number of young people and to do 
it effectively. 

Experimentation in the use of television encourages considerable hope in this 
respect. Some of you may have seen the reports of the experimentation carried 
out at Pennsylvania State College in the teaching of history, psychology, and 
other subjects over television. Some of these courses were, you will recall, taught 
in three forms: first, in the usual way involving a teacher and a class of ordinary 
size; second, in the usual way, but with the instructor being televised as he taught; 
and, third, in an arrangement in which students saw and heard the instructor only 
over a television receiver. Over the course of the year, three carefully matched 
groups of students taking the subject in these three ways took the same tests. 
The results show a slight advantage for television instruction. These results seem 
hard to understand until one visits classrooms at Pennsylvania State. In the 
regular classroom it is a little difficult after the first four rows to see the instructor 
clearly. His eyes naturally wander over the class as he speaks, and his facial 
expressions are not perfectly clear. In the television room éveryone sees him 
very distinctly; his eyes are so constantly upon you that it is almost impolite to 
turn away; his facial expressions are very clear, so that if on occasion he struggles 
for the right word, a strong empathy tends to be set up; and in short, communi- 
cation is surprisingly effective. 

Other experiments support the hope that television may be an effective way of 
extending the reach of superior teachers. The Pittsburgh school system tried 
teaching fifth-grade mathematics, French, and English by television last year. 
One result of the teaching of French over television (where the teacher and the 
students were learning the language together in the classroom, and some parents 
were learning it at the same time at home) was that after the first three months 
Pittsburgh bookstores and libraries could not stock a sufficient number of books 
in French to answer the demand for them. An important consequence of teaching 
arithmetic over television was that many classroom teachers were inspired to 
better teaching by seeing an expert teacher at work, an experience they seldom have 
otherwise. 

I suggest that, confronted with a critical shortage of teachers of science, we look 
at the possibilities of television. I cannot imagine a better group to look into these 
possibilities than the teachers of science of this country. To make the most of 
the educational possibilities of new media of communication, such as films and 
television, we ought, I think, to try them out not merely as a means to meet an 
immediate emergency but, rather, in the hope of finding in these new media what 
we found in the printed book, namely, a way of extending the possibilities, lifting 
the quality, and increasing the effectiveness of education. 

We must, if we are to make the most of television in education, avoid the mistake 
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made with the use of motion pictures in education—that is, employment of the 
film merely as a supplement to the classroom teacher. In other words, the major 
concepts in the course, the ordering and presentation of material, the direction of 
the student’s study and inquiry, were handled by the classroom teacher, the film 
being available as a supplement or an enrichment of the teacher’s work. I would 
suggest that to meet our present need it may be necessary to reverse this arrange- 
ment, that is, to intrust to the most knowledgeable and effective people the laying- 
out of a course, the determination of the concepts to be developed, the devising of the 
order of their development, the selection of the kinds of problems to be dealt 
with by the students in order to develop their capacity for judgment—and then to 
use the classroom teacher to supplement this process, his or her role being to throw 
aside roadblocks that individual students may encounter in the process of learning, 
to stimulate and guide the student’s work, and to attend to those individual 
difficulties which could not be foreseen in the general presentation. Only in this 
way, I think, can be met the difficulty of our short supply of really competent 
high-school teachers of science. 

‘ducational work carried on under such arrangements can, I am convinced, 
be very effective. The experience of some midwestern rural high schools with a 
much less potent device is relevant. When the high schools in some midwestern 
states faced the fact that they now and again had students with great capacity for 
science without having teachers competent to instruct them, they resorted to 
the device of asking the appropriate state university to set up home-study courses, 
the high-school faculty serving to assist the student to make the most of the study 
guides and materials sent to him. The results of this program, as some of you 
know, have been astonishingly good. A youngster under it often goes far beyond 
anything his immediate teachers could do for him alone. 

It would seem to me well worth while to consider a co-operative endeavor in 
which a group of scientists, perhaps sponsored by an association such as the National 
Academy of Sciences, working together with some expert teachers of science at 
the secondary level, and with adequate technical advice, undertook to develop 
courses in science on films—courses in physics, chemistry, and mathematics—try 
them out, edit them, and produce them so that they could be available for use 
directly in a high schoo] or over television of either closed- or open-circuit type 
or in a group of schools. This idea deserves consideration, let me add, not merely 
as a desperate means to meet the problems of the shortage of teachers of science 
but as a way in which our society may muster its best resources for education, 
namely, our best minds and our most effective teachers, and make them available 
to a very large part of our youth. 

I am greatly heartened by the existence of this symposium and its evidence of 
interest in the problem of education in science. As a people we have undertaken to 
do something new in the history of the world, that is, to provide for all our youth 
as much education as their capacities and energies will enable them to take. To do 
this in a time when our educational institutions are confronted with what has been 
called a “tidal wave’’ of students will require us to think as earnestly and as freshly 
as we can of ways in which our best intelligence can be put before the largest number 
of people. Certainly, if any group is able to break new and promising ground in 
this respect, it should be this group of scientists who are given to experimentation 
and to new endeavors. 
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Mr. Bronk: Thank you very much, Mr. Faust, for sharing with us your en- 
thusiastic vision of how education can be vitalized through the use of science 
technology and especially the spirit of adventure. Our last speaker is Mr. Joel 
Hildebrand, Professor Emeritus of Chemistry at the University of California, who 
has always been a devoted teacher. I well remember a picture in Life many years 
ago of Mr. Hildebrand lecturing to a class of 1,100, I think it was, at the University 
of California. It showed him looking at a student in the rear of the room, and it 
showed what Mr. Hildebrand looked like to the student at the rear, but those of 
us who knew, and know, Joel Hildebrand knew that the student did not suffer 
despite his somewhat remote position relative to this great teacher. Mr. Hildebrand. 


Mr. Hitpespranp: I was pleased to accept a place on this program because 
science and education have shared about equally in my long career. I discovered 
science at an early age through interesting books on chemistry, astronomy, geology, 
and natural history, and found satisfaction in being able to answer the questions of 
my less well-read playmates. My chemistry teacher in high school made up in 
wisdom what he lacked in knowledge by lending me all his books on the subject and 
giving me a key to the laboratory. 

Later, as a young instructor of physical chemistry at the University of Pennsyl- 
vania, with a heavy teaching load, I carried on my research and teaching simul- 
taneously in the same laboratory, giving my students a glimpse of laboratory work 
not limited to mere illustration and verification. 

In 1913 I rejected an offer from the Bureau of Standards in order to join Gilbert 
Lewis in Berkeley, attracted by the opportunity to combine unrestricted research 
with a new concept of teaching. During a half-century there I have taught prin- 
cipally freshmen and graduate students, the two most challenging of all groups. 

Such wisdom as I have gathered from my life as a scientist and teacher I have 
already endeavored to set forth in various articles and addresses, and all I can do 
here is to repeat some of the main ideas which, though not new, are so true as to 
merit frequent re-emphasis. I begin with the problem that is upon our own door- 
step, the part that we scientists in colleges and universities should play in inspiring 
and educating our successors. I dealt at length with this matter in an address 
delivered at John Hopkins University in 1949 entitled ‘‘A Philosophy of Teaching.’’! 
My text was the motto, ‘Whatever is worth doing at all is worth doing well.” This 
principle has the sound of a moral exhortation, but it is to me just good common 
sense. The only way to get any real satisfaction from what one undertakes is to do 
it well enough to enjoy some sense of mastery, or artistry, of achievement, whether 
it is writing, speaking, playing a game, or making love. A young colleague once 
remarked that he had several papers to write but disliked writing. 1 remarked that 
evidently he had never discovered what fun there is in rewriting a paper several 
times and finding how much it can be improved each time. And a teacher who is 
dull, pedantic, inaudible, or illegible, who does nothing for students that a book 
could not do better, will enjoy his job far more if he tries instead to teach so as to 
bring light into the faces of students grateful for his skill. Some of them may return 
years later to thank him for contributing something to their minds or characters. 

I hear young instructors and assistant professors assert that they intend to devote 
all their efforts to research because they will get no credit for good teaching. If 
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that is the way you manage your departments, gentlemen, I say that you have no 
right to complain about what many high schools are doing to make science and 
mathematics repellent to your children and grandchildren. The freshman year in 
college offers the last opportunity to win or to save young people for a life of intel- 
lectual activity. If it is not seized, they may graduate only to join the ranks of the 
athletic alumni. The performances of colleges and universities differ greatly in this 
respect; some are doing but little to supply the trained intelligence upon which the 
future of a humane Western civilization depends. 

I have offered in the address above mentioned and in others? various suggestions 
for making the teaching of a department effective. They have been drawn largely 
from practice in the department in which I have spent forty-three years, one which 
has abundantly demonstrated that teaching and research can be complementary 
instead of competing activities. 

Strong convictions have emerged from my experience as a teacher of science 
concerning the importance of presenting science as liberal education, not as tech- 
nology. I presented the following propositions in an address to the American 
Council on Education :° 


A university need not offer courses in vocational practices that can be learned equally well 
later, “‘on the job.” 

Any serious intellectual interest that has been aroused in a student is so valuable as a 
basis for his fuller development that it should not be interrupted by a requirement that he 
follow an arbitrary plan of preliminary “general education.” 

The time to interest students of science in literature, social studies, the fine arts, or philos- 
ophy, is in the later years. 

The best we can do for our students is to equip them to go forward under their own power, 
We should be training athletes, not fattening hogs. 


There is a fault widespread in both schools and colleges. It is illustrated by a 
school textbook in general science. At the ends of chapters containing interesting 
information, there is a set of questions headed, ‘‘How Much Do I Remember?” In 
a school textbook on physics, there is a formula for converting l'ahrenheit. tempera- 
ture to centigrade. The users of the book are evidently not taught that so simple a 
problem can be easily solved by intelligent analysis, without a formula. The book 
gives formulas for gas laws, but no indication of the fact that a person who has 
acquired the simple gas-kinetic concept can easily answer nearly any question re- 
garding the behavior of gases at moderate pressures. 

I fear that a similar atmosphere of ‘How much do I remember?” is breathed in 
many college classrooms. Instructors find it easy to write examination questions 
calling for facts. To construct questions calling for thought is much harder; the 
instructor has to do a little thinking himself. I used to spend a whole day con- 
structing a final examination for freshman chemistry; I could have written a set 
of purely factual questions in ten minutes. 

It must be admitted that students from certain high schools are not prepared 
for analytical thinking, have never even become aware that there is such a thing. 
A freshman once wrote to me, “In school I never knew whether I had a brain or not, 
because it all consisted in memorizing and reciting.”’ I am happy to report that we 
helped him to discover that he had a brain, and that he worked up from a bad 
beginning to a final grade of A. 
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I think that colleges and universities also bear a heavy share of responsibility for 
failing to put brakes on some of the downward trends in schools. They have not 
always insisted that appointees to faculties in their own schools of education measure 
up to the same standards of intellectual competence, or even of teaching ability, as 
those applied in the rest of the institution. Some professors of education do not, 
perhaps even dare not, mix with colleagues in other fields. We have not protested 
when they have induced legislatures to write into law requirements for teacher cer- 
tification which place a protective tariff upon courses in education at the expense of 
competence in the subjects taught. It is not strange, in consequence, that, as the 
Committee for the White House Conference on Education wrote in its Report to 
the President, “Teacher preparation programs have the reputation of requiring 
needless and repetitious courses. This reputation has the effect of deterring bril- 
liant young people from becoming teachers.”’ (It does not, however, deter men 
with no intellectual experience beyond a major in physical education from getting 
principal’s credentials and positions in which they can dictate to teachers.) I 
secured the adoption of the following statement by the members of my table at the 
conference: 


There are many persons well qualified to teach, by virture of intelligence, knowledge of 
specific subjects, facility in speech, personality, and sympathetic understanding of young 
people, who could be recruited to teach school if these natural qualifications were accepted 
for certification in place of course requirements in education. 

Many persons, otherwise well qualified, are repelled by courses in education that they re- 
gard as repetitive, doctrinaire, or inferior in intellectual quality. 


This was, as I said in my report to the American Chemical Society,‘ “merely an- 
other trial balloon. I fully expected it to be shot down and it was.” However, 
that report was so widely publicized, and Time magazine gave so excellent a sum- 
mary of it, that its main contentions eventually got into the final report of the 
committee. 

The short supply of teachers is catastrophic. It remains to be seen whether the 
present protective tariffs on courses in education will be relaxed so as to tap the 
considerable source of supply to which we referred. I offered evidence in a recent 
article® of the deterrent effect that many courses in education exert upon candidates 
otherwise well qualified to be teachers. I here quote one sample opinion out of 
many that I have received: “As a university graduate I was appalled at the low 
quality and senselessness of most of the courses I had to endure {in a state college | 
in order to get an elementary credential. Some of the ridiculous things they re- 
quire are nearly beyond belief.” 

There is much more that could be said, but I must not trespass upon your time. 
I trust that I have made clear my conviction that university men and scientists 
cannot escape responsibility for a large share in the task of discovering and training 
all the talent for intellectual leadership that exists among our youth. To do that 
will require far more intelligent co-operation than we now have between schools, 
colleges, and universities. As I rewrite this address months after its delivery, I 
am pleased to be able to cite a fine example of an objectivity we much need to sub- 
stitute in place of carping criticism, on the one hand, and resentful defensiveness, 
on the other. It is a paper by Forest L. Shoemaker,® entitled ‘Proposals for 
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Educational Reconstruction.” After setting forth shortcomings in both academic 
and professional practices, he concludes with these words of wisdom: ‘The Amer- 
ican school system must be reconstructed if mass education is not to degenerate 
into mass mediocrity. Necessary reforms will be effected to the degree that per- 
sonal and professional invectives give way to dispassionate location and correction 


of existing shortcomings.” 


Mr. Bronk: You will have heard that our professor emeritus of chemistry has 
not only energy but courage, the sort of courage that made him an expert downhill 
ski racer at the age of seventy. 

This brings this symposium to a close. I would voice the gratitude of the 
Academy to those who have participated and have shared with us their wisdom and 
their vision. Iam sure that after this symposium we will all have a clearer view of 
science in education— not as mere preparation for material achievement, not as 
something we engage in because the Russians do, but as a hard, but thrilling, in- 
tellectual adventure, as a great odyssey of the human spirit. As I heard various 
of you refer to the unfortunate concept of education—that of “having had” this or 
that subject and thus being educated—I was reminded of Robert Louis Stevenson’s 
words: ‘To travel hopefully is a better thing than to arrive.” If we could give 
more of that spirit to our students, we would not, I think, have to worry about the 
future source of scientists who are scholars. 

1 “A Philosophy of Teaching,’’ J. Chem. Educ., 26, 450-455, 1949. 

2“The Professor and His Public,’’ Chem. Eng. News., 30, 4934, 1952; “The Making of a 
Teacher,”’ ibid, p. 2072. 

3 “Science in Higher Education,’’ Educational Record, January, 1955. See, further, ‘Role of the 
Sciences in Education,’’ Science, 121, 840, 1955. 

* Chem. Eng. News, 33, 5354, 1955. Reprinted also in College and University, fall, 1956, and, 
in part, in Key Reporter, Vol. 21, No. 3 (April, 1956). 

5 Chem. Eng. News, 34, 3259, 1956. 

* School and Society, 84, 175, 1956. 
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